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ABSTRACT
Increase in traffic load dictates widening highway bridges rather than construction of new
bridges, as it offers an economical solution. Highway bridge widening is usually accomplished
by the construction of additional new bridge piers, however, large amount of construction work
and extensive use of heavy plant and machinery could result in very high cost. For limited
widening of bridges, e.g. addition of one driving/emergency lane, extension of the pier cap beam
offers an attractive solution. Due to additional load resulting from the widened bridge,
strengthening of extended cap beams may be needed. In addition, depending on the strength of
the existing pier column, limited strengthening of the column will probably be needed.
This research project presents a bridge cap beam extension and reinforcing system, which is
considered an alternative of constructing new piers for bridge widening projects. Experimental
results and numerical modeling of quarter-scaled reinforced concrete hammerhead non-prismatic
pier cap beams, extended on verges and reinforced with different CFRP systems are presented,
followed by development of a practical analytical model. In addition, a column strengthening
system, which provides a continuous load path to transfer additional moment to the foundation,
was presented in this study.
The experimental work was to investigate the structural performance of this particular type of
beams with different reinforcing systems, such as concrete jacket, CFRP sheets and pre-saturated
CFRP laminates with various anchor systems. Thirteen pier cap beam specimens were tested to
evaluate the effect of the reinforcing systems on ultimate strength, stiffness and ductility. In
addition, five full-scaled rectangular RC columns strengthened with either concrete jacket or
vertical CFRP plates were tested under cyclic loading, flexural and cyclic performance of
strengthened columns, and strain distribution on CFRP composites were investigated.

A numerical study based on finite element modeling was performed to investigate the failure
mechanism of tested beams. A 3-D finite element model was developed and verified against
experimental results. A good agreement between finite element results and experimental results
was achieved in terms of failure mode, ultimate capacity and load-deflection response.
The experimental work and finite element results demonstrated the feasibility of proposed cap
beam extension system. All of the tested reinforcing systems are effective in improving flexural
strength of the extended cap beams. Among the investigated reinforcing systems, the fully
wrapped CFRP sheet offers the most efficient solution for proposed system. Based on these
observations, an iterative based simple practical analytical model was developed to predict the
ultimate capacity of extended cap beams with CFRP reinforcing systems. A few design and
construction recommendations are presented at the end of the dissertation.
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CHAPTER 1 INTRODUCTION
1.1 Background
1.1.1 Bridge Widening
Bridge widening is commonly used to add more traffic lanes to the existing highway system,
shoulders and/or sidewalks. Such increase in bridge width is accomplished by the construction of
new bridge piers. These new piers are kept un-connected to the exiting piers to prevent
undesirable stresses due to potential differential settlement. Many bridges have been widened
using this method, such as Penang Bridge in Malaysia (Corbett, Buckby, & Wee, 2010), Whau
River Bridge New Zealand (Corbett & Watterson, 2015) and so on. The costs associated with
construction of new bridge piers is very high and the construction is limited by many other
factors.
1.1.2 Proposed Bridge Pier Cap Beam Extension and Reinforcing System
Instead of constructing new piers from foundation, renovation of bridge pier and superstructures
offers a more economical solution. Widening of Tongati River Bridge (KwaZulu-Natal
Department of Transport, 2017) and Olifants River Bridge (Rowan & Thomson, 2018) in South
Africa are two typical examples of bridge widening by modification of bridge pier and
superstructures only. In these projects, Dywidag prestressing bars were implemented to improve
flexural capacity of the widened cap beams.
The proposed cap beam extension and reinforcing system, as shown in Figure 1.1, offers a more
economical solution for potential bridge widening. The connection between extension and
1

existing pier cap beam could be achieved by cutting part of the old concrete, exposing original
steel bars, splicing new steel cage to the exposed bars by welding or mechanical devices and
casting extension concrete. Pier columns may need to be strengthened in order to provide a
continuous load path for additional bending moment, as shown in Fig.1.1.
Bridge widening without new piers results in additional bending moment from extended
cantilevers, which entails flexural strengthening on these members. Traditional strengthening
methods, such as reinforced concrete jacket, steel jacket and post-tensioning steel, suffers from
inherent disadvantages ranging from high cost, risk of corrosion to interference of function.
Application of carbon fiber reinforced polymer (CFRP) for flexural strengthening of reinforced
concrete members has received extensive attention, many CFRP productions such as CFRP sheet
and pre-saturated CFRP plates/rods were developed to meet industrial requirements. CFRP has
well known advantages such as high strength, light weight and corrosion-resistance. It is selected
for flexural reinforcing of the extended cap beams in this study.

Figure 1.1 Addition of Overhanging Extensions w/wo Strengthening

2

1.1.3 Numerical and Analytical Solutions
As a powerful numerical techniques for solving engineering problems, finite element method
(FEM) has been used to analyze CFRP strengthened RC members for decades. Two unique and
complex issues of FE modelling of CFRP strengthened RC members are concrete cracking
behavior and bond-slip relation between CFRP composites and concrete. Different concrete
cracking models and bond-slip simulation techniques have been developed by engineers and
researchers.
Flexural capacity of reinforced concrete beams can be determined based on a sectional analysis
which is based on the “plane section theory”. However, this assumption is not applicable to deep
beams, which are referred to as beams with a shear span to depth ratio equal or smaller than 2.
Behavior of reinforced concrete deep beam has been investigated for decades, and many
analytical models predicting its ultimate capacity are proposed since 1960s. The most commonly
used is the strut-and-tie model (STM), which represents stress field by approximating the flow of
compressive or tensile stress by struts and ties. STM has been proved to be efficient in
determining capacity of deep beams and widely adapted in concrete design codes such as ACI
(2014), ASSHITO (2012) and CSA (2006).
For CFRP strengthened deep beams, STM is still an efficient solution. However, effectiveness
factor, which is essential in STM to determine the allowable stress in concrete struts, needs to be
modified to consider the stiffness softening effect of CFRP composites. Some research (Park &
Aboutaha, 2009), (Panjehpour, 2004), (Hanoon, 2017) had been done in this field, which could
serve as a basis for development of practical analytical model for the proposed cap beam
extension and reinforcing system.
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In Conclusion, there are numerous studies on the behavior of CFRP strengthened reinforced
concrete members. However, studies on CFRP strengthened cantilever deep beams
(strengthening/reinforced for negative moment) are very limited, especially on pier cap beams
with extensions for bridge widening purpose. Under this background, it is imperative to conduct
a comprehensive study on behavior of extended pier cap beam with various reinforcing systems.

1.2 Objective and Scope
Traditional widening systems exhibit shortcomings as involving large amount of labor and heavy
equipment, time consuming, limitation from surrounding environments and so on. Based on this
situation, a new bridge pier modification system, which consists of extension of pier cap beams
and CFRP reinforcing system, is presented in this research. The proposed system should be
applied only when other element members of the existing structure are thoroughly inspected and
proved to have adequate capacity. Otherwise, appropriate strengthening should be performed.
The main objective of this research project is to investigate the feasibility of the proposed cap
beam extension system, and to find the most efficient reinforcing system based on experimental
and numerical investigation. Ultimately, a practical design and construction guideline is expected
to be developed.
This research project involves three phases of work:
1. Experimental investigation, which involves testing of quarter-scaled hammer head pier cap
beams, before and after being extended and reinforced with CFRP composites, as well as
testing of full-scaled pier columns strengthened using CFRP composites (conducted by
Shandong Jiaotong University).
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2. Numerical investigation, which involves finite element analysis of the experimentally
tested bridge pier cap beams. The proposed finite model can be used to understand inherent
behavior of proposed cap beam modification system, such as stress/strain behavior, which
could serve as basic for develop a simplified practical analytical model.
3. Development of practical analytical model and design guideline of the proposed bridge
pier cap beams extension system.

1.3 Outline of the Dissertation
This dissertation consists of ten chapters. It is organized as follows:
Chapter 1 introduces a new bridge pier cap beam modification system, which consists of
extension of pier cap beams and CFRP reinforcing system. The main objective and scope of this
research is briefly summarized.
Chapter 2 summarizes the reviewed literature related to bridge widening, CFRP strengthening
system, finite element modeling of CFRP strengthened RC beams and analytical models for
strength prediction of deep beams with/without strengthening. In addition, structural behavior of
CFRP strengthened RC column under lateral cyclic loading was introduced.
Chapter 3 describes an experimental study consisting of thirteen quarter-scaled cap beam
specimens with various reinforcing systems under monotonic loading. In this chapter, specimen
details including materials, reinforcement detailing, reinforcing schemes were presented
followed by description of test procedures and instrumentation.
Chapter 4 reports and discusses the results of experimental tests described in Chapter 3. Overall
performance, including failure mode, ultimate capacity, crack propagation, stiffness and ductility
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of tested cap beam specimens are summarized in this chapter. Effect of different variables are
discussed.
Chapter 5 presents an experimental test of five full-scaled rectangular RC columns strengthened
with either concrete jacket or vertical placed CFRP plates under lateral cyclic loading. Specimen
detailing, test procedure and instrumentation are presented, followed by analysis and discussion
of test results.
Chapter 6 presents a 3-D finite element model of proposed cap beam extension and reinforcing
system. Specimens which developed the ultimate flexural capacity were modeled using a
commercial package ABAQUS. The FE modeling results were verified against experimental
data, and it was found the proposed FE model is capable of predicting structural behavior of the
extended cap beams such as failure mode and load-displacement response.
Chapter 7 presents an iterative strut-and-tie based analytical model that is used to predict the
ultimate capacity of proposed cap beam extension and reinforcing system. Comparison is made
between experimental results, finite element results, proposed analytical model, as well as
sectional approach from ACI 440 guidelines.
Chapter 8 presents a practical design approach, design limitations and construction
recommendations of the proposed pier cap beam extension system.
Chapter 9 and 10 present summary and conclusion, recommendations for future study and
references.
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CHAPTER 2 LITERATURE REVIEW
2.1 Introduction
Practices on highway bridge widening are being increasingly implemented for the purpose of
improving traffic capacity in recent years, and it is imperative to develop new techniques to
improve the efficiency of bridge widening construction. The proposed cap beam extension and
reinforcing system can be an alternative of constructing new piers. Additional loads due to
widening entails strengthening of extended cap beam in flexure and shear. As a strong material
for concrete strengthening, carbon fiber reinforced polymer (CFRP) composites have been
extensively studied and applied to strengthening industry. Therefore, CFRP could be an
alternative for flexural strengthening of proposed cap beam extension system.
Non-linearly finite element methpd has been extensively used to analyze CFRP strengthened RC
members. It has been approved to be effective to predict the concrete cracking behavior and bond
behavior between concrete and CFRP composites.
Other approaches, such as the strut-and-tie model and compressive force method, have been
developed to perform analysis and design of RC deep members. Modifications of these models
were made to analyze behavior of CFRP strengthened RC members.
In this chapter, literature is reviewed in aspects of bridge widening, CFRP strengthening system,
finite element modelling of CFRP strengthened RC beams, analytical models for strength
prediction of deep beams with/without strengthening. In addition, Flexural strengthening and
performance of RC columns under lateral cyclic loading are discussed.
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2.2 Bridge Widening and Strengthening
Increases in traffic load dictate widening highway bridges rather than construction of new
bridges, as widening of existing bridges offers an economical solution. There are several factors
that contribute to the demand for wider bridges such as increased traffic volumes, safety hazards
of narrow bridges, and provisions for bike lanes or pedestrian ways. In order to prevent stresses
caused by differential settlements, bridge widening usually involves the addition of un-connected
new substructures, along with un-connected new superstructure.
Issues related to bridge widening, such as shear behavior between old and new concrete, load
distribution factors of widened bridges, and waiting period for closure pours in bridge widening,
are drawing increasing levels of attention.
2.2.1 Conventional Bridge Widening Practices
There are numerous field applications of bridge widening around the world. Highway-bridge
widening is needed to increase shoulder width for safer emergency access, as well as the addition
of driving lanes. Such increases in bridge width is accomplished by the construction of
additional new bridge piers. These new piers are kept unconnected to the existing piers to
prevent undesirable stresses due to potential differential settlement, as shown in Fig 2.1. Many
bridges have been widened using this method, such as Penang Bridge in Malaysia (Corbett,
Buckby, & Wee, 2010), Whau River Bridge New Zealand (Corbett & Watterson, 2015) and so
on. The costs associated with construction of new bridge piers is very high and the construction
is limited by many other factors.
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Figure 2.1 Widening Work of Whau River Bridge (Corbett & Watterson, 2015)
Pre-casted members are preferred for bridge widening projects in order to shorten the
construction period and accommodate on-site environments. Widening of State Route 22 over
the Garden Grove Boulevard in Orange County, CA, (Shutt, 2008) was facing challenges such as
limited budget and complementing other bridges along the highway. The bridge, which was built
in 1960, was required to be widened by one-third. Two types of pre-cast concrete girders were
selected for the additional lanes, due to inadequate vertical clearance for false work. The outside
girders are box girders as the original girders, and more economical prestressed bulb-tee girders
were selected as interior girders.
2.2.2 Bridge Widening without Additional Piers
Instead of constructing new piers from foundation, KwaZulu-Natal department of transportation
came up with another idea for bridge widening on Tongati River Bridge, South Africa
(KwaZulu-Natal Department of Transport, 2017). In this project, existing piers were widened at
the top and tapered to the bottom. Dywidag bars were diagonally implemented to tie the widened
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piers to the existing piers. Original decks were replaced by wider pre-cast panels and prestressed
using Dywidag bars to each other to avoid differential movement between panels. Taking
advantage of eliminating of the cost of foundations, over 2.5 million dollars were saved
compared to the cost of reconstruction of the bridge. This project was completely finished in
time and within budget with relatively small disturbance to traffic.
Another example of bridge widening without additional piers is the Olifants River Bridge
widening. (Rowan & Thomson, 2018) This bridge was originally constructed in 1979, and an
increase of traffic load necessitated widening of the bridge. The overhang decks were
demolished to expose the original steel reinforcement, and new rebars were lapped to the original
bars. The pier cap beams were strengthened using post-tensioning Dywidag threaded bars to
improve capacity. The pier columns were strengthened using conventional concrete to increase
axial and flexural capacity. The longitudinal beams were originally designed to be strengthened
by steel plates. Later, for the purpose of reducing self-weight, FRP composites were
implemented for flexural strengthening of longitudinal beams.
Similarly, widening design with steel extensions were carried out by Wang et al. (2015).
Transverse prestressed tendons were used to connect existing box girders and pre-fabricated steel
cantilevers, as shown in Fig 2.2.
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Figure 2.2 Sectional Drawing of Box Girders Widened by Steel Cantilevers. (Wang et al., 2015)
2.2.3 Shear Behavior between Old and New Concrete
Interface shear strength is one of the key factors affecting service behavior of wided bridges.
According to current design code, the longitudinal shear strength of the interface between old
and new concrete can be assessed using expressions based on shear friction model. These
expressions have parameters including compressive strength of the weakest concrete, the normal
stress at the interface, the amount of reinforcement crossing the interface, and the roughness of
the concrete surface. Research shows that curing condition and difference of age between
concrete layers also have influence on shear strength of the interface (Santos & Júlio, 2011).
Niwa et al. (2016) performed an experimental study to investigate shear behavior of the interface
between old and new concrete. This study indicated that the failure behavior is significantly
affected by initial normal stress, reinforcement ratio, and surface roughness of the interface.
Recently, improvement of shear strength of the interface between different concrete layers has
been occasionally required in repairing or strengthening RC structures. This work could be done
by externally bonded CFRP because a transverse clamping force can be provided at the interface.
Feng Lin et al. (2016) proposed an expression for the ultimate shear capacity of the interface of
CFRP strengthened reinforced concrete as the following:
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(2-1)
Where Ac = area of concrete section resisting shear transfer; f’c = cylindrical compressive
strength of concrete; Avf and Ap = cross-sectional area of transverse reinforcing steel bars and
CFRP strips respectively; and fy and σp = yield strength of reinforcing steel bars and effective
stress of CFRP strips, respectively. According to the test results, α = 0.093, β = 0.752, γ = 0.957.
In addition, the value of Vu should not exceed 0.3Ac f’c.
2.2.4 Closure Slabs
Closure slabs are commonly used to connect existing bridges and additional new structures.
Currently, a 60-day waiting period is required for closure pour after falsework release in order to
mitigate damage due to differential displacement between new and existing decks. Time
depended deflection of Santa Rose Creek Bridge and San Joaquin Bridge were monitored for 12
months and full size experimental tests were conducted by Chai and Hung (2016) to determine
the long-term deflection capacity of slabs. Test results indicated that the closure pour waiting
period should be determined by instantaneous deflection of new bridge and displacement
capacity of the closure slab. It was also addressed that for short and thick slabs brittle failure may
occur at relatively small displacement.
2.2.5 Concrete Jacket
Cheong and MacAlevey (2000) performed shear slant tests for 61 prisms and static/dynamic tests
for 13 full scale RC beams strengthened with concrete jackets. Test results showed that yield of
additional steel reinforcement is the key to ensuring the ductility of jacketed beams; and detailing
of additional stirrups were restraining the development of horizontal cracks.
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Thermou et al. (2007) developed an analytical model to estimate the flexural behavior of RC
members repaired using concrete jacket with dual-section approach. In this model, shear
mechanisms between concrete jacket and original member are aggregate interlock, friction, and
dowel action of any reinforcement crossing the interface. Iterative analysis is applied in this
model with estimation of cracking space and shear stress distribution on cross-section involved.
The proposed model was verified against several experimental tests, and good agreements were
achieved. Monolithic factors in terms of flexural strength, curvature, and ductility were proposed
as well. Parameter study showed that monolithic factors are related to longitudinal jacket
reinforcement ratio, axial load, and confining reinforcement ratio.
Alhadid et al. (2017) proposed a simplified method to predict the flexural behavior of RC beams
strengthened with concrete jackets with consideration of interfacial slip effect. The proposed
algorithm includes two steps: a). iteration at mid-span and b). obtain moment-curvature at other
sections. This model was verified against several experimental studies and proved to be reliable.
A parametric study was performed to investigate the significance of concrete strength, steel yield
strength, friction coefficient at interface, beam depth, beam width, concrete jacket thickness and
beam span. In addition, slip modification factors were calculated based on the parametric study.
2.2.6 Steel Post-tensioning
External post-tensioning has been used world-wide for the repair of cracked pier cap beams, as it
is a very effective system for closing opened cracks, as shown in Fig.2.3. However, in a
corrosive environment, a corrosion protection system of steel strands is desired to ensure long
service life. Lee et al. conducted experimental tests of RC beams strengthened with different
steel profiles, such as U-shaped, V-shaped and straight bars (Shin, Lee, & Kang, 2010). A noniterative analytical model was developed to estimate moment capacity of post-tensioned RC
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beams (Lee, Shin, & Kang, 2014). This model provides a prediction of the yield and ultimate
moments, and corresponding deflections. Validation against many experimental tests showed
that the proposed model is applicable to different steel profiles and properties.

Figure 2.3 Repair of Pier-cap Beam Using External Post-tensioning (DYWDAG, 2004)

2.3 CFRP Strengthened RC Beams
Traditional flexural strengthening methods of RC members, such as concrete jacket and external
post-tensioning, suffer from inherent disadvantages ranging from high cost, interference of
function, to corrosion problems. Recently, Carbon fiber reinforced polymer (CFRP) has been
widely applied in rehabilitation and strengthening in civil infrastructures. Various failure modes
of CFRP flexural strengthened RC members were observed and different strength models were
developed (Teng, Chen, Smith, & Lam, 2001). CFRP flexural strengthened RC may fail in
various ways which were classified as (a) crush of compressive concrete, (b) CFRP rupture, (c)
concrete cover separation, (d) plate-end interfacial debonding, (e) intermediate crack-induced
interfacial debonding, and (f) shear failure.
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2.3.1 Strengthening Scheme and Efficiency
Numerous experimental and analytic studies have been performed to investigate the performance
of CFRP flexural strengthened RC members.
CFRP flexural strengthened continuous beams exhibit higher moment capacity and lower
ductility (Ashour, EI-Refaie, & Garrity, 2004). Brittle premature peeling off was the dominant
failure mode of CFRP strengthened continuous beams.
Kotynia et al. (2008) tested ten CFRP flexural strengthened full scaled rectangular beams with
additional continuous U-shaped CFRP system and side-bonded L-shaped CFRP system in order
to investigate the effectiveness of the additional system on mitigating the intermediate crack
induced debonding. It was observed that the width of flexural CFRP reinforcement has
significant effect on the debonding mechanism and additional transverse CFRP systems could
increase the flexural capacity of the strengthened beam. It is also addressed that the U-shaped
CFRP system should cover ends of the laminates in order to ensure the effectiveness of the
anchor system.
CFRP composites are shown to be very effective in increasing flexural capacity of RC beams;
however, the ductility of the strengthened beam is another issue that needs more attention.
Research about ductility of CFRP strengthened beams was carried out by Aboutaha (2008). It
was shown that a) the larger the amount of existing ordinary bars, the higher the flexural
ductility. b) a diagonal CFRP anchor system is effective in improving ductility of strengthened
beams. c) the larger amount of applied CFRP composites, the lower the ductility.
El-Ghandour (2011) tested seven half-scale RC beams with different CFRP strengthening
schemes, in order to study the efficiencies of CFRP flexural and shear strengthening systems. It
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was concluded that shear damage can significantly reduce the flexural strengthening efficiency in
terms of stiffness and ultimate capacity. Flexural damage reduced shear strengthening
efficiencies as well; however, brittle shear failure could be changed to a ductile flexural-shear
failure. Single flexural or shear failure could be acceptably predicted by current ACI code;
however, the combined failure mode cannot be conservatively predicted.
Dong et al. (2013) carried out an experimental test of seven FRP strengthened RC beams to
investigate how the different strengthening arrangements of FRP composite affect behavior of
the strengthened beams in terms of stiffness, ultimate capacity, and hardening behavior. Test
results showed that flexural-shear strengthening system can effectively increase the stiffness and
flexural capacity of RC beams. CFRP system has significant influence on crack development and
ductility as well. Additional layers of FRP increased the flexural capacity and deformability.
Flexural strengthening CFRP was found to contribute to increasing shear capacity of RC beams
(Hawileh, Nawaz, Abdalla, & Saqan, 2015). It was observed that longitudinal CFRP are more
effective in improving shear capacity of beams with less steel reinforcement. Increasing the
amount of flexural CFRP leads to higher shear capacity, however, with lower efficiency.
A total of nine beams were tested by Kim et al. (2015) to study the efficiency of CFRP
strengthening system applied to different shear span-depth ratio beams. Test results showed that
more deformations were achieved by increasing a/d ratio, which was attributed to a reduced
arching effect. It was also addressed that a/d ratio controlled the failure mode of CFRP
strengthened beams. With an increasing a/d ratio, the bias factor should be increased. Current
ACI code provides a debonding factor K = 0.7 is reasonable, however, effect of a/d ratio should
be taken into consideration in design.

16

Five large scale FRP strengthened RC beams were tested to investigate the effects of shear-span
ratio and load distribution on intermediate debonding failure (Fu, Teng, Chen, Chen, & Guo,
2018). Test results were compared with Fib model and Chen et al’s model (Chen, Teng, & Yao,
2006). It was found that the moment capacity of FRP flexural strengthened RC beams was
composed by three portions, which are contribution of steel reinforcement, FRP reinforcement,
and arching effect. More loading points led to an increase in total load capacity. It means current
models, which were developed based on three or four point bending, are conservative under
more uniformly distributed load conditions.
Nguyen-Minh et al. (2018) tested nine large scale unbonded post-tensioned concrete T-beams to
investigate the strengthening efficiency of CFRP composites on flexural behavior of unbonded
post-tension beams. It was concluded that the efficiency is dominated by the amount of CFRP
composites and strain on tendons were significantly affected by CFRP sheet and anchor systems.
An analytical model to calculate the tendon strain was proposed; and it was verified with
experimental results.
2.3.2 Bond Strength between CFRP and Concrete
2.3.2.1 Bonding mechanism
Composite action is an important topic in CFRP strengthening systems. Therefore, numerous
studies were carried out to investigate bond strength between FRP composites and concrete.
Bond behavior between concrete and FRP bars was studied by Marta Baena et al. (2009) through
a pull-out test. Experimental tests show that bond behavior between concrete and FRP bars is
influenced by many factors including concrete strength, bar diameters, and surface treatment.
The failure mode during pull-out changes from failure at concrete matrix interface to bond
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failure as the compressive strength increases. When concrete strength was higher than 30 MPa,
rebar properties dominated the bond behavior. Test results also showed that larger bar diameters
develop lower bond strength.
For external bonded FRP sheets, bond strength is affected by concrete strength, surface condition
and bond length (Athawale, 2012). Previous studies have shown that there is a bonded length
after which there is no significant increase in bond strength. Bond strength models with effective
bond length predictions can be classified into three categories (Teng, Chen, Smith, & Lam, 2001)
(Hosseini & Mostofinejad, 2014):
(a) Empirical models. Empirical relations directly based on the regression of test data such as the
models proposed Maeda et al (Maeda, Asano, Ueda, & Kakuta, 1997).
(b) Fracture mechanics based theoretical models (Taljsten, 1994).
(c) Design models generally proposed by adopting simple assumptions.
Karbhari et al. reviewed and compared fracture mechanics based models and concluded that
parameters such as adhesive thickness and characteristics of FRP-concrete interface play an
important role in bond strength (Karbhari, Niu, & Sikorsky, 2006).
Niu et al. (2006) performed a parameter study on effects of FRP-concrete interface bond
properties on the performance of RC beams strengthened in flexure with externally bonded FRP
Sheets. This study shows that: a) interfacial stiffness might have an insignificant effect on the
structural stiffness, yield load, and ultimate load-carrying capacity, b) interfacial bond strength
also influences the yield load but not so much the ultimate load-carrying capacity, c) interfacial
fracture energy is the main parameter influencing the strengthening performance in terms of the
yield load, ultimate load-carrying capacity, and ductility.
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Concrete cover separation is considered another form of losing composite action failure mode of
FRP strengthened RC members. To investigate factors affecting concrete cover separation
failure, a four point bending test was conducted by Radfar et al. (2012). It was found that
thickness of FRP plates is a key factor affecting the stiffness and load capacity regarding
concrete cover separation failure. Thicker FRP strengthened beams exhibited higher stiffness and
lower concrete separation load.
2.3.2.2 Bonding agent
With rapid development of new bonding agents, advanced adhesives were invented for CFRP
strengthening system. Yang et al. (2018) tested fifteen beams strengthened with CFRP gridreinforced engineered cementitious composite (ECC) matrix. Beams with ECC matrix still
suffered from IC debonding failure; however, they exhibited more ductile failure mode due to
multiple cracking in ECC matrix. The combination of conventional epoxy and ECC matrix could
effectively inhibit IC debonding of CFRP composites, even without end anchoring systems.
Flexural to shear ratio has significant influence on the efficiency of such strengthening system. A
sectional analysis procedure was proposed in this study and the analyses can provide reasonable
prediction of the flexural capacity of beams strengthened with CFRP and ECC matrix.
Ariyachandra’s work (2017) showed that application of polyester mesh at the interface between
CFRP and concrete could improve the bond strength by well distribution of the interfacial stress.
Additionally, roughness of the concrete surface has significant influence on bond strength
between CFRP and concrete. Sandblasting and chipping are recommended for field applications.
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2.3.2.3 Anchorage system
To avoid premature failure due to debonding of CFRP composites, various anchor systems were
developed. By application of anchor systems, higher FRP strain could be achieved under loading
(Kalfat, Al-Mahaidi, & Smith, 2013). Metallic anchor system has been proven to be the most
effective anchor system for externally bonded CFRP composites; however, metallic anchor
systems suffer from disadvantages ranging from high labor cost and corrosion issues. CFRP
anchors in forms of U-shaped jacket, FRP patch anchor were also demonstrated to be effective to
inhibit premature debonding failure. Selection of anchor systems should be governed by member
geometry, material availability, and other factors.

Figure 2.4 Typical FRP Plate Anchorage (Kalfat, Al-Mahaidi, & Smith, 2013)
2.3.3 CFRP Post-tensioning System
For most civil engineering projects, only 20% to 30% of the strength of CFRP composites can be
used when they are externally bonded to the RC members for flexural strengthening (Motavalli,
Czaderski, & Pfyl-Lang, 2011). The idea of prestressing CFRP composites for flexural
strengthening began in the 1990s. It has been shown that this technique can provide greater load20

carrying capacity with less reinforcement, improved serviceability, controlled manufacturing
quality, and reduced on-site construction time (Kim, Green, & Wight, 2010).
Different prestressing techniques were developed by researchers:
a) Camber method (Sadatmanesh & Ehsani, 1991). The concrete beam is loaded against
gravity using a hydraulic jack, and FRP composites are bonded to the tension soffit. After
curing of FRP composites, the camber effect is removed and prestress is naturally applied
to FRP composites.
b) External reaction frame method (Traintafillou, Deskovic, & Deurinig, 1992). A pretension stress to FRP composites is applied using an apparatus, and then the prestressed
FRPs are bonded to the tension soffit. The apparatus can be removed after curing.
c) Direct tensioning method (Wight, Green, & Erki, 2001). Prestress force is applied against
the beam itself through an anchor system mounted on the beam. After FRP curing, the
anchor system can be left on-site or be removed.
Burningham et al. (2014) conducted an experiment study to investigate the structural behavior of
RC beams repaired using post tensioned CFRP rods along with unibody clamp anchors and a
mechanical stressing system.
A recent study shows that prestressed Carbon fiber reinforced polymer (CFRP) strengthening
system is more effective than prestressing strengthening systems using other FRPs, such as
Basalt fiber reinforced polymer (BFRP) and glass fiber reinforced polymer (GFRP). Compared
to externally bonded prestressed FRP strengthening systems, near surface mounted (NSM) CFRP
has the best structural performance (Aslam, Shafigh, Jumaat, & Shah , 2015).
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Figure 2.5 Typical Prestressed CFRP System
Key factors affecting structural performance of RC beams strengthened using prestressed FRP
composites include amount of FRP composites, type of FRP, prestressing technique, prestressing
levels, and sustained load. Especially the prestressing level affects the ultimate capacity, failure
modes, cracking behavior and deformability (Aslam, Shafigh, Jumaat, & Shah , 2015) (Gao, Gu,
& Mosallam, 2016).
2.3.4 Flexural Strength Prediction Models
2.3.4.1 ACI 440
Current ACI guideline (ACI 440, 2017) presents a section based approach to calculate the
ultimate flexural capacity of FRP strengthened concrete member.
Ψ

(2-2)

Where As is area of steel reinforcement, fs is stress in steel reinforcement, d is distance from
extreme compression fiber to centroid of tension reinforcement, β1 is ratio of depth of equivalent
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rectangular stress block to depth of the neutral axis, c is distance from extreme compression fiber
to the neutral axis, Ψf is FRP strength reduction factor, Af is area of FRP external reinforcement,
ffe is effective stress in FRP, df is effective deph of FRP reinforcement.
ACI 440 committee also developed a specification for bond reduction factor, the strain in FRP is
limited by
0.41

,

0.9

(2-3)

Where fc’ is the compressive strength of concrete, n is the number of layers of FRP composites,
Ef is elastic modulus of FRP and tf is thickness of FRP.
2.3.4.2 FIB Bulletin 14
Design models and methods of FRP flexural strengthened RC members were proposed in Fib
bulletin 14 (Fib bulletin14, 2001). When full composite action is considered, the design moment
capacity is based on the classic section equilibrium analysis and following equation is used.
(2-4)
Where As1 is area of tensile steel reinforcement, fyd is design value of steel yield strength, d is
effective depth of the member, δG is stress block centroid coefficient, x is depth of the
compression zone, Af is area of FRP reinforcement, Ef is elastic modulus of FRP, εf is FRP
strain, h is total depth of the member, As2 is area of compressive steel reinforcement, εs2 is
compressive steel strain, d2 is distance from centroid of compressive steel to extreme
compressive fiber.
The above equation is valid if the failure mode is concrete crushing after steel yield. FRP
Rupture following steel yield is another possible failure mode. In this case, following
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modification should be made: εcu is replaced by εc; εf is replaced by εfud; and Ψ, δG are calculated
using modified equations. Where εc is compressive concrete strain, εfud is design value of FRP
ultimate strain.
Concerning the loss of composite action, peeling-off caused at shear cracks, peeling-off at the
end anchorage and flexural cracks, end shear failure and peeling-off caused by the unevenness of
the concrete are addressed in the Fib report as well.
Three safety evaluation approaches are included in Fib bulletin 14, which are (a) CFRP strain
limitation, (b) calculation of the envelop line of tensile stress, and (c) verification of force
transfer between CFRP and concrete. Bogas et al. (2008) compared the three approaches against
various experimental data and drew conclusions as approaches 1 and 3 show great sensitivity on
applied reinforcement type and the results are conservative and optimistic. Approach 2 may
underestimate the performance and result in non-economic designs. For common FRP reinforced
RC members, approaches 1 and 3 are satisfactory; however, for uncommon situations, such as
high thickness FRP, high modulus FRP and other CFRP strengthening systems, additional
verification of safety should be performed.
2.3.4.3 Teng’s model
Teng et al. (2001) proposed an equation to determine moment capacity of FRP flexural
strengthened RC members.
(2-5)
Where k1 is the main stress factor defined by
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(2-6)

/

k2 is the centroid factor defined by

(2-7)

In this model, the three terms on the right-hand side represent the contribution of concrete, steel
reinforcement and FRP composites respectively. To apply this equation to determine the ultimate
flexural capacity of an FRP strengthened beam, the failure mode, either concrete crush or FRP
rupture should be first estimated by calculating the strain in compression concrete and FRP
composites.
As mentioned, premature debonding of FRP composites from concrete surface is another
common failure mode of FRP flexural strengthened RC members. Oehler (Oehlers, 1992)
proposed a bond strength model as
,

,
,

,

1.17

(2-8)

,

(2-9)

and
,

,

Where Mdb,f and Vdb,f are the plate end bonding moment and shear at debonding, and Vdb,s equals
the shear capacity provided by concrete, which can be calculated according to the Australian
code as,
1.4

/2000

Where ρs is the tensile reinforcement ratio, f’c is the compressive strength of concrete.
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(2-10)

However, Owhler’s model gives over conservative prediction, Smith and Teng modified
Oehler’s model by applying a factor when calculating Vdb,end as
(2-11)

,

η could be taken as 1.4 for all forms of plate end debonding failures. This model was verified
with large amount of experimental data with good accuracy, and Vc could be calculated
according to any international codes.
Teng et al. (2003) proposed a bond strength model to IC debonding as

(2-12)

Where
/

(2-13)

/

1

(2-14)

(2-15)

Where Ep, tp and bp are modulus of elasticity, thickness and width of FRP composites, f’c and bc
are compressive strength and width of concrete, and Le is defined as the effective bond length,
which is dominated by concrete and FRP properties. This model was calibrated against many
experimental data and was proved to provide good prediction of IC debonding failure.

26

2.3.4.4 Al-Zaid’s Model
Al-Zaid (2012) presented an analytical model to predict the flexural capacity of externally
bonded FRP strengthened RC beams. The moment capacity of strengthened beam section can be
determined by:
∗

∗

∗

∝

(2-16)

Where
(2-17)
(2-18)
(2-19)

,

(2-20)

Maximum deflection could be determined by taking advantage of virtue work method:
(2-21)
Where l is length of the beam, M(x) is the applied moment, I(x) is the second moment of area of
the beam cross-section, m(x) is the moment caused by a unit load at where deflection is being
investigated, and φ(x) is moment curvature of the beam.
This model was verified against his own experimental data, and proved to be able to predict the
load-deflection behavior of FRP strengthened RC beams governed by full composite action with
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reasonable accuracy. Therefore, failure prediction related to premature debonding failure needs
be considered.

2.4 Deep Beams
2.4.1 Strengthening of RC Deep Beams
Behavior of reinforced concrete deep beams has been studied for years; many efforts have been
made to improve load capacity of RC deep beams such as implementation of high performance
materials, special detailing of reinforcement, and other strengthening systems.
2.4.1.1 Fiber modified concrete
In order to increase shear strength of deep beams, various fibers were used to enhance the
strength of concrete. Research studies on shear strength of deep beams with fiber reinforced
concrete (Ma, Qi, Liu, & Wang, 2018) (Campione, 2012) were carried out and show that
application of fiber reinforced concrete can significantly improve shear strength of RC beams.
Other than polymer modified concrete, high strength longitudinal steel reinforcement is an
alternative to improve ultimate capacity of RC deep beams. Eight large scaled concrete deep
beam reinforced with high strength steel bars, peak load between 695 to 988 MPa, were tested to
exam the efficiency of high strength steel as reinforcement in deep beams (Garay-Moran &
Lubell, 2016). This experiment addressed the influence of web reinforcement, longitudinal
reinforcement ratio, and shear span to depth ration on failure mode and post-peak ductility. It
was concluded that it was possible to perform design of deep beams with high strength steel
according to strut-and-tie model in the current ACI code.
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2.4.1.2 Special detailing of steel reinforced concrete
For large scale reinforced concrete deep beams, large diameter reinforcing bars are designed in
order to provide enough tension force in “ties.” Longer development length are required for large
diameter bars according to ACI code requirement, which is not available in some cases due to
relative short span of deep beams. Headed bars and lap spliced hooks (Mihaylov, Bentz, &
Collins, 2013) were proposed to avoid debonding failure of steel reinforcement, which could be
in a undesired brittle manner. It has been shown headed bars are very effective for large diameter
bars because the compressive stress near the head could approximately reach 1.5 times of
concrete compressive strength. However, lap splice hooks were not recommended as the splices
occur in highly cracked concrete.
2.4.1.3 Post-tensioning
External post-tensioning has been widely used to restore flexural capacity and close cracks in RC
elements. For shear damaged bent caps, a 70% increase could be achieved by application of posttensioning (Aravinthan & Suntharavadivel, 2007). It was observed that filling shear cracking by
injection of epoxy could substantially increase shear capacity of damaged deep beams. Other
than post-tensioning using steel strands, post-tensioned CFRP rods were proved to be effective in
repairing deep beams with diagonal cracks (Burningham, Pantelides, & Reavelty, 2015). The
strut-and-tie based analytical model of post-tensioning system was developed, and it could be
used to design the proposed repair system.
2.4.1.4 Externally bonded CFRP composites
Externally bonded CFRP composites, as a powerful strengthening system of RC members for
both shear and flexure, has been thoroughly studied for slender members. Recently, behavior of
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externally bonded CFRP strengthened deep beams was investigated experimentally and
analytically (Hanoon, Jaafar, Hejazi, & Abdul Aziz, 2017). It was proven that CFRP composites
are effective in improving ultimate load capacity of RC deep beams.
2.4.2 Analytical Model of RC Deep Beams
Pier cap beams are usually referred to as deep beams with a shear span to depth ratio equal to or
smaller than 2.5. Compared to slender beams, capacity of deep beams cannot be assessed on the
basis of the plane sections theory. The theory describes analytically the relationship between
flexural capacity and geometric characteristics by considering the equilibrium conditions at
critical cross-sections. Compatibility of deformation is satisfied by the ‘plane cross-section
remain plane’ assumption, and the longitudinal concrete and steel stresses are evaluated by the
material stress-strain characteristics. Therefore, various analytical models were proposed to
analyze ultimate strength of RC deep beams.
2.4.2.1 Modified Compressive Field Theory
Modified compressive field theory (Vecchio & Collins, 1986) was developed to predict shear
strength of reinforced concrete panels. The proposed analytical model contained stress
equilibrium, strain compatibility and constitutive relationship, as shown in Fig. 2.6.
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Figure 2.6 Equations of Modified Compressive Field Theory (Bentz, Vecchio, & Collins, 2006)
This model was adapted by many design codes such as CSA (CAN/CSA, 2006) and ASSHTO
LRFD (AASHTO, 2012) to limit compressive stress in a strut crossed by a tie, which could be
calculated as
,

0.85

.

,

(2-22)

Where ε1 is the transverse strain calculated as
0.002

(2-23)

Where εs is the tensile strain in the tie cross the strut at an angle of θ.
2.4.2.2 Strut-and-tie model
The strut-and-tie model (STM) is often used for shear design of deep beams and adapted by
many design codes. It attempts to represent the stress field by approximating the flow of
compressive or tensile stress by struts and ties. The scheme of struts, ties and nodes is mainly
controlled by span-depth ratio, load condition and reinforcement distribution. Strength of struts,
ties and nodes are reduced byeffectiveness factors. A review of applications of STM was
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conducted by Ismail et al. (2017) to examine current formulations of effectiveness factors. A
model of effectiveness factor based on predicted lateral strain was proposed, and it led to a less
conservative prediction.
By adapting the diagonal compression strength equation (Lu, Hwang, & Lin, 2010), Lu et al.
(2013) proposed a shear strength analytical model for reinforced concrete deep beams, with
horizontal and vertical reinforcement taken into consideration by introducing factor γh and γv.
These factors are determined by the angle of the inclined strut and used to calculate the tie index
in equation of diagonal compression strength. Verified against his own test data, the proposed
model provides more accurate and less scattered prediction of shear strength compared with
strut-and- tie model in ACI 318-08 (ACI Committe 318, 2008).
It has been shown that the existence of transverse tensile stress plays an important role in
proposed strut-and-tie models. Prestressing of concrete can effectively reduce tensile stress in
concrete, Wang and Meng (2008) proposed an analytical model, in which prestressing force was
expressed by equivalent external loads explicitly, to analyze prestressed RC deep beams. After
being verified against 56 experimental tests including both pre-tensioned and post-tensioned
beams, the proposed model was used to conduct a parameter study to test the assumption that the
stress in prestressing tendon at ultimate is fps is sufficiently accurate.
2.4.2.3 CFP model
By taking into account the effect of transverse stresses, M. D. Kotsovos (1988) proposed the
Compressive Force Path Method (CFP). In this method, load capacity of concrete deep beams is
associated with the strength of concrete in the paths along which compressive forces are
transferred to the supports. It can be visualized as a flow of compressive stresses, as shown in
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Fig.2.7. Shear failure occurs while excessive transverse tensile stress was developed in the region
of the compressive force path. The main causes of excessive stress are summarized as
1. Changes in path direction.
2. Varying intensity of compressive stress.
3. Tips of inclined cracks.
4. Bond failure

Figure 2.7 Compressive Force Path (Kong, 1990)
Four types of behavior were identified in this methods for beams with various shear span depth
ratios (Kong, 1990) . Among them, ones with shear span depth ratios equal to or smaller than 2
represent deep beam behaviors. Failure mode, arch-tie action and effect of transverse
reinforcement were investigated in Kotsovos’s work (1988). A simplified design method based
on compressive force path method was also proposed. It has been shown that CFP method
provides better prediction of actual shear behavior compared to ACI models. However, most
beams designed according to CFP method, with an aspect ratio less than 4.44, failed in undesired
shear failure (Rafeeqi & Ayub, 2012).
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Similar to CFP model, a load path model was established to design deep beams for serviceability
(He, Liu, & Ma, 2014). Superposition was used to obtain the explicit expression of transverse
stress and resultant tension forces. The proposed model can also serve as a quantitative basis for
development of appropriate strut-and-tie models.
2.4.2.4 Other models
Xu et al. (2018) proposed a unified design method for both deep and shallow beams; this model
implemented the concept of finite element method and divided beams into small elements. Nonlinear properties were only assigned to elements on critical sections; the rest are assumed to be
linear elastic. The proposed grid model could be used to perform flexural design for both deep
and shallow RC beams.
As a powerful tool to perform non-linear analysis, finite element method was also used to
modelling structural behavior of RC deep beams since 1990s (Faditis & Won, 1994). It has been
proven that FEM is capable of predicting structural behavior of various RC deep beams, such as
beams with openings (Hawileh, EI-Maaddawy, & Naser, 2012), beams with prestresses (Kim,
Cheon, & Shin, 2012), as well as steel fibrous reinforced concrete deep beams (Campione,
2012).
A comparative study was conducted based on 73 proposed models to predict shear strength of
reinforced concrete deep beams (Liu & Mihaylov, 2016). These models were classified by six
types: artificial intelligence models, numerical models (i.e. finite element method), strut-and-tie
models, upper bound plasticity models, shear panel models and other mechanical models. It was
found that among those models, a semi-empirical strut-and-tie model and a two-parameter
kinematic theory (Mihaylov, Bentz, & Collins, 2013) provide shear strength prediction with less
scatters. In addition, strut-and-tie is the most commonly used and adapted model by many design
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codes such as ACI (ACI Committe 318, 2008), AASHTO (AASHTO, 2012) and CSA
(CAN/CSA, 2006).
2.4.3 FRP Reinforced RC Deep Beams
2.4.3.1 FRP reinforcing bars
As a result of exhibition of high tensile strength, CFRP composites are not only used as tensile
reinforcement in flexural members, but also serve as “ties” in deep RC members. Many
researches investigating FRP strengthened RC deep beams were carried out.
As mentioned, the effectiveness factor plays an important role in limiting stress in concrete
struts. Researches show that effectiveness factor is affected by the ratio of strut length to
diameter (L/W ratio) (Kim, Lee, & Lee, 2014). Based on a regression study, effectiveness factor
βs can be determined as
0.62,
0.65,
4.2

/
/
.

9.674

5.5
5.5
0.328

(2-24)

.

37.754

.

0.003

(2-25)

Where a/d is shear span to depth ratio, ρ is the tensile reinforcement ratio and ffu is ultimate
tensile strength of FRP composites.
Mohamed (2016) proposed a modified model to determine the effectiveness factor βs, which is a
function of concrete strength, shear span to depth ration and transverse strain.
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Where fc’ is compressive strength of concrete; a/d is shear span to depth ratio and ε1 is transverse
strain. In addition, comparison of strain-energy and area under load-deflection curve was
conducted, in order to determine the strut-and-tie scheme (one panel or two panels).
For FRP reinforced RC members, strain in FRP composites is crucial to determine the ultimate
capacity of strengthened structures. However, unlike steel, FRP is linear elastic until failure and
strain in FRP composites changes as load increases. Iterative analysis is often carried out when
there are more unknowns than available equations. Therefore an iterative analytical model based
on strut-and-tie model was proposed to determine the ultimate strength of FRP reinforced
concrete beams (Andermatt & Lubell, 2013). In this model, tensile strain and horizontal strut
width, for a given applied load, are calculated using equilibrium equation at B regions, under the
assumption that horizontal strut was at its maximum allowable stress 0.85f’c. As the applied load
increases, check of failure criteria, such as FRP strain and stress in diagonal struts, are performed
in order to determine the maximum load of the beam.
Other than ultimate capacity, load-deflection response of FRP reinforced deep beams are
drawing more and more attention. Modification, accounting for the influence of FRP bars were
made to existing softened strut-and-tie model to predict load-deflection response of FRP
reinforced deep beams (Thomas & Ramadass, 2019). This model predicts cracking load and
ultimate load and associated deflections with acceptable accuracy.
2.4.3.2 Externally bonded CFRP laminates
Two-parameter kinematic theory (2PKT) (Mihaylov, Bentz, & Collins, 2013) was modified to
analyze FRP reinforced concrete deep beams in order to account for the low stiffness of CFRP
composites and loss of dowel action from tensile reinforcement (Mihaylov B. , 2017). With
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aforementioned modifications, 2PKT was shown to be able to capture the effect of stiffness of
CFRP reinforcement, shear span to depth ratio and concrete strength on shear capacity of deep
beams.
Externally bonded CFRP composites is another effective method of deep beam strengthening for
both shear and flexure. Strut-and-tie model for deep beams strengthened with externally bonded
CFRP composites was developed by Park and Aboutaha (2009). Seven effectiveness factors
accounting for strength reduction of cracked concrete were investigated in this model, and it was
proven that effectiveness factor model depending on strut angle offers the best agreement with
test results. A similar study was conducted by Panjehpour et al. (2014) and bonding strength
between CFRP composites and concrete was involved in this model. For CFRP strengthened RC
members failure associated with CFRP debonding and rupture dominates the post-failure
behavior. Hanoon et al. (2017) proposed a modified strut-and-tie model for externally bonded
CFRP strengthened deep beams based on particle swarm optimization algorithm. The proposed
model was proven to be effective in predicting failure modes, such as CFRP debonding and
rupture.

2.5 Numerical Modelling of CFRP Strengthened RC Members
Finite element method (FEM) is a powerful numerical technique for solving problems for
engineering and mathematical physics. It involves discretization of a continuous domain into sets
of sub-domains called elements. Element equations are recombined in a global system for
calculation. Over the past few decades, many techniques have been developed under the
framework of FEM to analyze the complex failure process of concrete structures. As a popular
solution of repair or strengthening of RC structures, FRP materials are attracting more attention.
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Extensive research on simulation techniques of FRP strengthened RC members have been
carried out in order to predict structural behavior of strengthened RC structures. Two unique and
complex issues in FE modelling of CFRP strengthened RC members are concrete cracking
behavior and bond-slip relation between CFRP composites and concrete.
2.5.1 Concrete Model
One of the most unique and complex issues in concrete modeling is the cracking phenomenon of
concrete. The discrete and the smeared approaches are the two dominant techniques for fracture
simulation of concrete (ACI 446, 1997).
2.5.1.1 Discrete crack model
Discrete crack model is also known as the fictitious crack model (FCM), which simulates a crack
as a geometrical identity so the discontinuity arising from concrete cracking could be physically
modeled. Since cracks are commonly defined along element boundaries when using discrete
crack model, mesh bias problem may be inevitable. Attempts were made to solve this problem
by developing FEM code with an automatic remeshing algorithm. However, automatic
remodeling of discrete crack propagation in three dimensions remains a challenge.
2.5.1.2 Smeared crack model
A smeared crack concrete model involves dropping the elastic modulus of concrete to zero in the
direction of the principal tensile stress, once the stress is calculated as exceeding the tensile
capacity of the concrete. Simultaneously, the stress in these elements will be released and
redistributed to the structure as residual loads. Ideally, this type of concrete crack model can
represent the crack propagation with reasonable accuracy. However, there are serious problems
with classic smeared crack model, such as the phenomenon called “strain localization” which
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may result in spurious mesh sensitivity of the results. Thus, a mathematical device named
“localization limiter” was developed to avoid this problem. Various types of localization limiters
have been proposed such as the crack band model, nonlocal continuum, and gradient models
(ACI446.3R, 1997). The smeared crack approach can be divided into the fixed smeared crack
and rotating smeared crack in regards to direction of crack propagation (Maekawa, Pimanmas, &
Okamura, 2003).
2.5.1.3 Concrete models in ABAQUS
Finite element analysis package ABAQUS provides the capability of simulating the damage
using one of the three crack models for reinforced concrete elements: (1) Smeared crack concrete
model, (2) Brittle crack concrete model, and (3) Concrete damaged plasticity model (Dassault
Systèmes, 2016). For brittle crack concrete model, only the non-linear tensile behavior is
considered. Therefore, this model is suitable for modeling of plain concrete members or RC
member with low reinforcement ratio. The smeared crack concrete model provides an input path
of shear retention factor; therefore, it is suitable for RC members whose behavior is dominated
by shear, such as deep beam, beam-column joints and so on. The concrete damaged plasticity
model takes stiffness damage during loading-unloading process into consideration; therefore,
compared to the smeared crack concrete model, it can simulate structural behavior of RC
members under cyclic loading (Nie & Wang, 2013).
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2.5.2 Bond Modelling
2.5.2.1 Lu’s model
Lu et al.’s bond slip model (Lu, Teng, Ye, & Jiang, 2005) has been widely accepted and is
considered accurate representation of which can be applied to FE modeling of FRP strengthened
RC members. The local bond-slip model is described as
(2-26)

exp

1

(2-27)

Where A = (s0-se)/ s0, B = se/[2(s0-se)]. And τmax is the maximum bond strength, s0 is the
corresponding slip, se is the elastic component of the slip and it depends on the initial stiffness
K0. K0 can be calculated as,
/

(2-28)

Where Ka = Ga/ta and Kc = Gc/tc. Gc is shear modulus of concrete and tc is the effective thickness
of the concrete that form the part of the slip. Ga and ta are the corresponding properties of
adhesives.
Adapting his own bond-slip model, combined with smeared crack approach, Lu et al. (Lu X. ,
Teng, Ye, & Jiang, 2007) developed a finite element model, which is capable of simulating the
intermediate crack behavior of flexural FRP strengthened RC beams.
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Figure 2.8 Lu’s bond-slip model (Lu, Teng, Ye, & Jiang, 2005)
Lu and Ayoub (Lu & Ayoub, 2011) proposed a new equation for bond reduction factor to be
applied in numerical simulation of FRP strengthened RC members as
.
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Where α is a constant equals 0.00066, τ is the bond strength, Ef is the elastic modulus of FRP, t is
thickness of FRP, fc’ is compressive strength of concrete, L’ is the ratio of the length of the FRP
sheet within the shear span to the length of the shear span, and w is the ratio of width of FRP to
width of concrete section. The former expression is based on the assumption that the bond is
elasto-brittle until reaching the bond strength value, the latter is designed for the case of a ductile
bond behavior.
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2.5.2.2 Cohesive elements
Choi et al. (2013) developed FE models using finite element package ABAQUS to analyze
debonding of hybrid FRP flexural strengthened RC beams. This model involves the cohesive
element in order to simulate the epoxy adhesives. Maximum stress was chosen as the damage
initiation criterion, specifically in shear direction. After damage was initiated, material properties
would be linearly degraded and fail when strain reaches its maximum elongation. It was found
this finite model can predict the debonding behavior with reasonable accuracy; however, earlier
debonding occurred in FE modeling.
Mostafa et al. (2017) predicted the post delamination behavior of FRP strengthened RC beams
using a commercial FE analysis package LS-DYNA. In their model, a 3-D cohesive element
made of three nodal springs was used to simulate the separation and slippage at the FRP-concrete
interface. This model was calibrated with experimental data in terms of load-deflection response,
stress and strain distribution on FRP composites. It was shown to be able to predict the process
of delamination and failure load.
Jawdhari and Harik (2018) developed an FE model for CFRP rod panel strengthened RC beam
using a FE package, ANSYS. A cohesive zone material with three traction separation models, a)
normal debonding, b) shear debonding c) normal and shear mixed debonding was implemented
in this model. It was noted that this model can accurately simulate the behavior of RC beams
strengthened with CFRP rod panels in terms of failure mode, ultimate flexural capacity and loaddeflection response.
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2.5.2.3 Damage plasticity model
A damage plasticity model was proposed by Tao et al. (2014). It is assumed that the ratio of
plastic strain with stiffness degradation to that without stiffness degradation, k, is proportional to
the ratio of cohesive stress to the maximum cohesive stress. Considering for both positive and
negative plastic strain, the damage factor is given as
0

/
/

0

(2-31)

Where εp is the plastic strain, E is the elastic modulus of concrete. This model is verified against
with many experimental data and proved to be able to predict bond behavior at FRP-concrete
interface accurately.
2.5.2.4 Intermediate crack debonding
In order to model the intermediate crack debonding of FRP strengthened RC beams, Chen et al.
(2011) proposed a 2-D finite element model including both steel-concrete and FRP-concrete
bond-slip models. In this model, a dynamic approach was adopted. Smeared crack with crack
band were used to simulate the cracking behavior of concrete. This model provides accurate
prediction of not only the load-deflection response, but also the cracking path and strain
distribution in concrete for FRP strengthened RC beams failed in IC debonding. Lu et al. (2007)
presented a FE model using the bond-slip model of their own, this model gave good prediction of
intermediate crack debonding failure mode as well as other structural behavior of FRP
strengthened RC beam.
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A discrete spectral model was proposed by Sun et al. (2015) to simulate the intermediate crack
debonding of FRP strengthened RC beams. In this model, an element with embedded crack was
formulated and the slip concentration near cracks could be captured. This model provides a good
alternative to predict IC debonding failure of FRP strengthened RC members and is suitable to
analyze dynamic responses.
2.5.2.5 Concrete cover separation
As mentioned, concrete cover separation is one of the most common failure modes of FRP
strengthened RC members. Radfar et al. (2012) defined a crack surface (Scr), and defined a
surface energy as,
,

(2-32)

Where Ep is the dissipated plastic energy. The surface energy is compared to the fracture energy
of concrete as a criteria of concrete cover separation failure.
Zhang and Teng developed a 2D FE approach, which accurately predicted end cover separation
of RC beams strengthened in flexure with FRP composites, by properly modeling of 1) the
tensile and shear behavior of cracked concrete, 2) bond-slip response between steel bars and
concrete and that between FRP composites and concrete, 3) critical debonding plane at steel bars
(Zhang & Teng, 2014). They simplified their FE approach by simulating the segment of the RC
beams between the two cracks near the critical end of the FRP reinforcement only (Zhang &
Teng, 2016).
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2.5.3 Numerical Solution Methods
2.5.3.1 Dynamic approach
Convergence achievement is another crucial problem in finite element modeling. Implementation
of dynamic approach can help overcome convergence problem due to concrete cracking or FRP
debonding.
Chen et al. (2015) proposed the idea of using a dynamic approach to overcome convergence
problems for FRP debonding simulations. In this study, the HHT-α method was adopted as the
numerical strategy to model the structural response of FRP strengthened RC beams. It was
concluded that this dynamic approach is a good alternative for concrete cracking simulation,
especially when convergence is hard to be achieved using Newton-Raphson or Riks methods. It
was also addressed that time integration algorithm, loading scheme, loading time, damping ratio,
and time incremental size are the key factors affecting modeling results. A similar study was
carried out by Li and Wu (2018), in addition to the examination of the effectiveness and
accuracy of a dynamic approach, a simple strength model regarding FRP strain was proposed as
well.
2.5.3.2 Limit analysis
An FE based limit analysis was proposed to model the behavior of RC beams strengthened with
externally bonded FRP composites (Domenico, 2015). This approach involved the linear
matching method and the elastic compensation method in order to achieve the upper bound and
lower bound solution, respectively. The limit analysis methodology can directly predict the
ultimate capacity of FRP strengthened RC beams. By application of multi-yield-criteria
formulation, the prediction of concrete crush, steel yield and FRP rupture can be achieved. One
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of the advantages of this methodology is that it can solve problems based on elastic analyses
without much computational effort.
2.5.3.3 XFEM
Ashari and Mohammadi (2011) proposed an orthotropic biomaterial enrichment function to
simulate the stress singularities near cracking surface. Cracking faces and material interface were
simulated based on Heaviside function and the weak discontinuity enrichment function. Strain
energy release rate was calculated using mixed-mode stress intensity factors, which are evaluated
by domain interaction integral approach. Extended finite element method was adopted. XFEM
elements can contain two different materials and interface between them with reasonable
accuracy. The proposed XFEM approach was proven to be capable of predicting the debonding
failure of FRP strengthened RC beams. Another advantage of this approach is that the adhesive
layers could be accurately modeled, which is necessary for thick adhesive layers.
By adopting a high order XFEM approach and its extensions, the size effect of beams failed in
FRP debonding was investigated by Dror and Rabinovitch (2016). The debonding process was
analyzed in two stages: stress analysis and fracture analysis. This model was validated against
available experimental results, and it was shown that the proposed model can accurately predict
the IC debonding of FRP strengthened RC beams. Using this model, the size effect was
investigated, and it was observed that smaller beams were less smooth and had a shorter stable
phase of the debonding mechanism.
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2.5.4 Applications of FEM on FRP Strengthened Beams
2.5.4.1 Strengthening scheme and efficiency
Hawileh et al. (2013) proposed a 3-D finite element model to simulate the behavior of short FRP
plate strengthened RC beams. Concrete, steel reinforcement, and FRP composites are modeled
using 3-D elements in order to include bond-slip relation in the model. Good agreement was
achieved between FE results and experimental work for all stages until failure. The parameter
study was performed using the proposed model, and results showed that an increase of steel bar
diameter tends to result in a brittle debonding failure; in addition, U-wrap CFRP system can
improve the overall response by delaying the premature debonding.
As more and more FE models were developed to investigate the behavior of FRP strengthened
RC beams, Bennegadi et al.(2013) proposed an optimization strategy based on the sub-problem
method and the first order method. The optimization can significantly reduce the total beam
volume; the most efficient optimization factor is the thickness of the FRP plates, and the length
could not be significantly reduced to avoid stress concentration at the edges of FRP plates.
Sayed et al. (2014) proposed a finite element model verified against fifty-eight cases which
account for most parameters affecting shear capacity of FRP shear strengthened beams. Sayed’s
model was performed using the commercial package ANSYS. The FRP-concrete interface
behavior is simulated by a relationship between the bond stress and relative slip. This model
provides more accurate prediction of failure mode and effective strain at failure.
Anil et al. (2016) proposed a finite element model simulating behavior of RC beams
strengthened using CFRP sheets with or without anchor systems. Lu’s bond slip model (Lu X.,
Teng, Ye, & Jiang, 2005) was adopted for unanchored beams; however, for beams with anchor
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systems, a maximum shear strength at interface was selected. The model showed good
agreement with experimental work in terms of yielding point, stiffness, and ultimate capacity.
2.5.4.2 Initially damaged beams
Zidani et al. (2015) proposed a finite element model in order to predict the full history behavior
of initially damaged beams repaired using FRP composites. During simulation, beams were first
loaded to a certain level and assembled with FRP composites. The proposed model can
accurately predict the load-deflection response of initial damaged beams repaired with FRP
composites. It was also shown that severely damaged beams are expected to exhibit premature
debonding failure due to existing cracks.
Zhou et al. (2017) developed a 2-D finite element model using ABAQUS FEA package to
investigate the effect of interfacial deflection on the behavior of FRP strengthened RC beams.
Saenz’s model (Saenz, 1964) was used to model the compressive behavior of concrete. Tensile
behavior was assumed to be linear up to the tensile strength and post-failure behavior was
modeled involving the stiffening factor β, which was defined as,
exp
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(2-33)

Where Es is the elastic modulus of reinforcement, εcr is the concrete strain at at cracking and εct is
the corresponding strain. Then the post-failure stress was given by following equation:
(2-34)
Regarding to interfacial bond slip between FRP composites and concrete, Lu’s model (Lu X. ,
Teng, Ye, & Jiang, 2005) was adapted. The numerical analysis results showed good agreement
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with the experimental results, showing that interfacial defections at shear span is more critical
than that at mid span, especially for deep beams.
Elghazy et al. (2018) developed a finite element model for corrosion damaged beams
strengthened with externally bonded composites using software ATENA 3D. Smear crack model
was used to simulate to tensile crack behavior of concrete and the compressive behavior was
modeled using a corroded concrete property (Torres-Acosta, Navarro-Gutierrez, & TeranGuillen, 2007). Lu’s bond slip model (Lu X. , Teng, Ye, & Jiang, 2005) was adopted in this
study. The proposed FE model can accurately predict failure mode of the strengthened beams
and the deflections at ultimate within 7% error band.
2.5.4.3 Long-term effect
Long term behavior is extremely important for civil infrastructures. Choi et al. (2010) investigated
the creep behavior of FRP strengthened RC beams using a finite element model. In addition to
conventional concrete input properties, creep strain rate was defined in the model as
exp

,

/

(2-35)

Where σi is the stress component applied at any time step, ϕu is creep coefficient for infinite time
and τ is time constant denoting the normal stress. A viscoelastic element was adopted to model
the epoxy adhesives. This FE model showed good correlation with experimental results. It was
shown that the creep of both the concrete and epoxy adhesive have significant effect on long
term deflection of FRP strengthened RC beams.
Jiang et al. (2018) carried out a study on long term behavior of FRP strengthened beams based
on experimental and finite element analysis. Beams with or without preloading were tested and
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modeled in this study. A stress-time relationship was input in the FE model by user-defined
subroutines to simulate creep and shrinkage of concrete, as well as for the epoxy creep. It was
observed that the proposed FE model was well correlated to the test results.
Fatigue behavior was investigated by Wang et al. (2014) based on finite element modeling.
Based on verification against good amount of experimental work, parameter study was
performed using the proposed model. It was demonstrated that the proposed model is capable of
revealing the importance of various parameters affecting the fatigue capacity of FRP
strengthened RC beams, such as fatigue behavior of steel and FRP sheets, bond between FRP
and concrete.
2.5.4.4 High temperature behavior
At elevated temperatures, cement-based adhesives are frequently used to bond FRP composites
to concrete (Hashemi & Al-Mahaidi, 2012). Hashemi developed a finite element model using a
commercial package ATENA to investigate the flexural behavior of FRP strengthened RC beams
with cement-based adhesives. Concrete and mortar were modeled using 2D plane stress element
with a fracture-plastic constitutive model. In addition, bond-slip model from a single shear test
data was implemented. This model showed good consistency with experimental test results.

2.6 RC Columns under Cyclic Loading
2.6.1 Seismic Behavior of RC Columns
To keep the integrity of the overall structure, plastic hinges are expected to be formed on beams
rather than on columns. Unfortunately, plastic hinges may develop in columns for structures
constructed prior to the enforcement of modern seismic design codes. These columns do not
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have a sufficient amount of transverse reinforcement to provide shear resistance and confinement
of longitudinal reinforcing bars (Ouyang, et al., 2017). The common use of smooth bars with
hooked ends in the past could also be a reason to trigger that problem (Bousias, Spathis and
Fardis, 2007). Thus, plastic hinges may be developed in columns of these structures under cyclic
loadings, and result in shear failure, bond failure or buckling of longitudinal bars.
2.6.2 FRP Strengthened RC Columns
Strengthening of these seismic deficient concrete columns became extremely important in recent
decades. The energy absorption and dissipation capacity of columns under cyclic loading is
expected to be improved through strengthening. One of the most effective strengthening methods
is concrete confinement. Conventional confining techniques are concrete and steel jacket. These
two methods are still widely used for seismic strengthening of RC columns as they could be
accomplished at a relatively low price. However, conventional strengthening systems have
shortcomings ranging from long construction period, heavy weight, to corrosion risks. Fiber
reinforced polymer (FRP) composites are widely used in RC column strengthening systems in
recent decades due to high-speed installation, reduction of maintenance and improvement of
durability (Seible et al., 1997).
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Figure 2.9 Transverse Wrapping of CFRP Composites (Fib 35, 2006)
Extensive studies have been conducted on RC columns strengthened using FRP jacket.
Transverse wrapped FRP has been proven to be an efficient technique to improve seismic
performance of circular or elliptical shaped RC columns (Wu et al., 2008). The adverse effects of
column rectangularity on seismic behavior of CFRP strengthened RC columns have been
investigated in a number of studies (Ozcan et al., 2010). Yang et al. (2004) indicated that the
cross sectional shape affected the strength development of RC columns strengthened by
transverse FRP system significantly, due to higher stress concentration at corners. Increasing the
corner radius could improve the efficiency of FRP strengthening system.
Conventional solutions to overcome stress concentration at column corners are using transverse
wrapping of CFRP composites with modification of column sections or additional stiffeners in
the plastic hinge.
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2.7 Summary
This chapter presented the background of bridge widening practices and studies of bridge
strengthening using CFRP composites; in addition, both experimental and numerical studies of
CFRP strengthened beams were included. Analytical models of deep beams with/without FRP
strengthening system were studied in this chapter. In addition, literatures of CFRP seismic
strengthening of RC bridge columns were presented as well.
Based on literature presented above, the following conclusions are drawn:
-

Conventional bridge widening is accomplished by construction of un-connected structure
adjacent to existing structure, which has shortcomings such as heavy construction work,
significant disruption to traffic and long construction schedules. Extension of pier cap
beam could be an economical alternative.

-

CFRP composites are widely used in strengthening RC members, in terms of flexure,
shear, axial capacity and ductility. Many experimental and numerical studies have been
conducted on CFRP strengthened deep beams, however limited work has been done for
deep beams strengthened for negative moment using CFRP composites, particularly for
the proposed bridge cap beam extension system.

-

As an effective strengthening system, transverse wrapped CFRP has been widely used for
axial capacity, seismic and shear strengthening of RC columns. However, other
strengthening schemes, such as vertical attached CFRP plates, which is recommended in
the proposed cap beam extension system to form a continuous moment transfer path, is
rarely investigated.
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CHAPTER 3. EXPERIMENTAL PHASE (CAP BEAMS)
3.1. Introduction
In this study, various reinforcing systems for extended cap beams were investigated
experimentally. Thirteen quarter-scaled cap beam specimens with reinforcing systems such as
CFRP plates with/without anchor systems, CFRP sheets and concrete jacket were tested under
monotonic loading. In this chapter, specimen details including materials, reinforcement detailing,
reinforcing schemes were presented followed by description of test procedures and
instrumentation.

3.2. Specimen Description
Thirteen specimens tested in this research were named as PB1-PB13. PB1 and PB2 were
reference specimens, however PB2 had 4 dowel bars at interface between the extension and
original cap beams. PB3-PB10 had the same dimensions and steel reinforcements as PB1, but
reinforced using different CFRP/concrete systems. PB11-PB13 had different amount of tensile or
shear reinforcements compared with the reference specimen. Due to construction errors, PB12
and PB13 do not have proper connection between new and original steel bars, which was
observed after the test. Description of the specimens is summarized in Table 3.1.
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Beams

Tensile
steel

Stirrups

Amount of
CFRP plates
(layers of
200mm2
plates/side)

PB1

7#12

4#6@75

N/A

N/A

N/A

N/A

N/A

PB2

7#12

4#6@75

N/A

N/A

N/A

N/A

N/A

PB3

7#12

4#6@75

1

L1

N/A

N/A

N/A

PB4

7#12

4#6@75

1

L1

N/A

N/A

2 layers

PB5

7#12

4#6@75

1

L1

N/A

N/A

6 layers

PB6

7#12

4#6@75

2

L1

N/A

N/A

8 layers

PB7

7#12

4#6@75

1

L2

N/A

N/A

6 layers

PB8

7#12

4#6@75

2

L2

N/A

N/A

8 layers

PB9

7#12

4#6@75

N/A

L3

N/A

8

N/A

PB10

7#12

4#6@75

N/A

L3

Y

8

N/A

PB11

7#12

6#6@75

1

L1

N/A

N/A

8 layers

PB12

5#12

4#6@75

1

L1

N/A

N/A

8 layers

PB13

7#14

4#6@75

1

L1

N/A

N/A

8 layers

Location
of
flexural
CFRP

Concrete
Jacket

Amount of
CFRP sheet
(layers of
25mm2
sheet/side)

CFRP
sheet
anchor
system

Table 3.1 Summary of Tested Specimens
For clarity, specimens are designated as following:
PB1: Reference beam -----------------------------------------------------------------------------------REF
PB2: Reference beam with dowels ------------------------------------------------------------------REFD
PB3: Beam reinforced with one layer of CFRP plates at Location 1, as shown in Fig. 3.2, without
anchors ------------------------------------------------------------------------------------------------P1L1A0
PB4: Beam reinforced with one layer of CFRP plates at Location 1 anchored with two layers of
fully wrapped CFRP sheet in transverse direction and two layers of U shaped CFRP sheet in
horizontal direction as anchors ---------------------------------------------------------------------P1L1A2
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PB5: Beam reinforced with one layer of CFRP plates at Location 1 anchored with six layers of
fully wrapped CFRP sheet in transverse direction and six layers of U shaped CFRP sheet in
horizontal direction as anchors ---------------------------------------------------------------------P1L1A6
PB6: Beam reinforced with two layers of CFRP plates at Location 1 anchored with eight layers
of fully wrapped CFRP sheet in transverse direction and eight layers of U shaped CFRP sheet in
horizontal direction as anchors --------------------------------------------------------------------P2L1A8
PB7: Beam reinforced with one layers of CFRP plates at Location 2 anchored with six layers of
fully wrapped CFRP sheet in transverse direction and six layers of U shaped CFRP sheet in
horizontal direction as anchors ---------------------------------------------------------------------P1L2A6
PB8: Beam reinforced with two layers of CFRP plates at Location 2 anchored with eight layers
of fully wrapped CFRP sheet in transverse direction and eight layers of U shaped CFRP sheets in
horizontal direction as anchors ---------------------------------------------------------------------P2L2A8
PB9: Beam reinforced with eight layers of fully wrapped CFRP sheet------------------------------S8
PB10: Beam reinforced with concrete jacket and eight layers of fully wrapped CFRP sheet---------------------------------------------------------------------------------------------------------------------CJS8
PB11: Beam with additional stirrups and reinforced with one layers of CFRP plates at Location 1
with eight layers of fully wrapped CFRP sheet in transverse direction and eight layers of U
shaped CFRP sheet in horizontal direction as anchors ----------------------------------------P1L1A8S
PB12: Beam reinforced with reinforcement ratio ρ1 and reinforced with one layers of CFRP
plates at Location 1 with eight layers of fully wrapped CFRP sheet in transverse direction and
eight layers of U shaped CFRP sheet in horizontal direction as anchors ---------------P1L1A8S ρ1
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PB13: Beam reinforced with reinforcement ratio ρ2 and reinforced with one layers of CFRP
plates at Location 1 with eight layers of fully wrapped CFRP sheet in transverse direction and
eight layers of U shaped CFRP sheet in horizontal direction as anchors --------------- P1L1A8Sρ2
3.2.1 Materials
3.2.1.1 Concrete
In this study, specimens were made of the same batch of concrete. The concrete consisted of
limestone aggregates, fly-ash, and ordinary Portland cement. The water-cement ratio was 0.36.
The maximum aggregates size was 12 mm. The average concrete compressive strength was 38.1
MPa.
3.2.1.2 Steel
The internal flexural and shear reinforcements had a nominal yield strength of 500 MPa, which is
named HRB (Hot Rolled Bars) 500 steel. This grade of steel was chosen to present common
construction in recent decades. Note that the actual yield strength of the 500 MPa bars might be
as high as 570 MPa.
3.2.1.3 CFRP system
The CFRP plate used as additional flexural reinforcement was a commercial unidirectional fiber
product having a thickness of 2 mm and a width of 100 mm. The mechanical properties of epoxy
used for bonding the CFRP plates, as specified by the manufacturer, were 30.82 MPa bond
strength, 2.6% elongation at breakage, 44.64 MPa tensile strength, and 6635 MPa elastic
modulus. The CFRP sheet was a unidirectional carbon fiber sheet with a dry fiber content of 300
g/m2, and a nominal thickness of 0.167 mm. The CFRP sheets were impregnated with a low
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viscosity structural glue (two-part epoxy resin with a mix ratio 2:1 by weight) with tensile
strength of 60.96 MPa and elastic modulus of 3025 MPa. Mechanical properties of CFRP
composites are listed in Table 3.2.
Material

Tensile strength
(MPa)

Modulus of elasticity
(GPa)

Ultimate elongation
(%)

Dry-fiber

4920

240

1.70

CFRP plates

2431

162

1.61

Cured CFRP
sheets

3596

237

1.68

Table 3.2 CFRP Composites Properties
3.2.2 Detailing of Specimens
3.2.2.1 Dimension and steel reinforcement
In total, thirteen cap beam specimens were designed according to AASHTO (2012) code and
scaled down to fit the lab capacity. Ten of them had the same detailing (PB1-PB10), as shown in
Fig.3.1. These specimens had seven No. 12 (12 mm normal diameter) bars as main tension steel
reinforcement (reinforcement ratio of 0.45%), and 6 mm diameter bars as distributed bars. In
addition, they were transversely reinforced using 4 legs 6 mm diameter closed stirrups at 75 mm
centerline to centerline. PB2 had four dowel bars crossing the interface between the extensions
and the original beams, as shown in Fig. 3.2. PB11 had the same tensile reinforcement as PB1-9,
however, it had 6 legs of 6 mm diameters stirrup with a spacing of 75 mm. PB12 and PB13 had
5#12 and 7#14 main tensile steel bars, which result in reinforcement ratios of 3% and 6%,
respectively. Detailing of PB11, PB12 and PB13 are shown in Fig. 3.1.

58

(a) Detailing of Specimen PB1-PB10

(b) Detailing of Specimen PB11

(c) Detailing of Specimen PB12
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(d) Detailing of Specimen PB13
Figure 3.1 Detailing of Tested Cap Beam Specimens

(a) Location of Dowel Bars
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(b) Dowel Bar Planting
Figure 3.2 PB2 Dowel Bars
3.2.2.2 Reinforcing scheme
PB1 and PB2 were reference beams without any additional reinforcing system. PB3 was
reinforced with one layer of CFRP plate on each side of the beam, at location 1 (L1), as shown in
Fig. 3.3. PB4 was also reinforced with one layer of CFRP plate, in addition, the CFRP plates on
PB4 were anchored with two layers of fully wrapped CFRP sheet in transverse direction and two
layers of U shaped CFRP sheets in horizontal direction, as shown in Fig. 3.3. PB5 was samely
reinforced as PB3, but with six layers of CFRP sheet anchors in both directions. PB6 was
reinforced with two layers of CFRP plates at L1 and anchored with eight layers of CFRP sheet
anchors. PB7 had one layer of CFRP plate at L2 with six layers of CFRP sheet anchors and PB8
had two layers of CFRP plate at L2 with eight layers of CFRP sheet anchors.
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Figure 3.3 CFRP Plate Reinforcing System with/without Anchors
PB9 was reinforced with eight layers of fully wrapped CFRP sheet, with 0,167 mm thickness per
layer. PB10 was reinforced with concrete jacket as well as 8 layers of fully wrapped CFRP sheet.
Reinforcing scheme is shown in Fig.3.4.

(a) Concrete Jacket Detailing
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(b) CFRP Sheet Reinforcing System
Figure 3.4 Concrete Jacket and CFRP Sheet Reinforcing System
3.2.3 Specimen Fabrication
3.2.3.1 Extension casting
For a typical hammer headed bridge pier cap beam, the extension procedure could be designed as
follows:
a.

Estimation of the capacity of existing structure.

b.

Determination of amount of widening and corresponding reinforcing systems.

c.

Cut pieces of concrete on top of the cap beam to expose main bars of the cap beam.

d.

Build steel cages of the extensions and connect its main bars to the exposed main bars of

the existing beam using mechanical connections, such as threads, welding and so on. If shear
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strength at the interface is critical, drill holes on the existing structure from the interface and
embed dowel bars in these holes.
e.

Cast concrete of the extensions.

Casting procedure could be summarized in Figure 3.5.

Figure 3.5 Extension Casting Procedure
In this particular research, specimens were manufactured as follows:
1. Construction of steel cage. To reduce the work, main tensile bars were threaded with a
length of 40 mm, in advance, as shown in Fig. 3.6.
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Figure 3.6 Threaded Tensile Steel
2. Cast of original concrete structure.
3. Chop the concrete to expose the main tensile bars.
4. Build steel cages of the extensions and connect its main bars to the exposed main bars of
the existing beam using threaded couplers.
5. Cast the extension.
Construction procedures of the specimens are shown in Fig. 3.7.

(a) Steel Cages

(b) Installation of Strain Gauges
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(c) Cast of the Original Beam

(d) Expose the Main Bars

(e) Connect the New Steel Cages

(f) Cast of Extensions

(g) Remove All the Formworks
Figure 3.7 Construction of Specimens
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3.2.3.2 Application of reinforcing system
For specimens reinforced with concrete jacket, after extensions were cast and cured as previous
chapter descripted, steel cage was manufactured around the beam, followed by casting of the
concrete jacket.
Other than concrete jacket system, CFRP composites were used to as additional flexural
reinforcement for most specimens. The following steps were taken to implement the CFRP
reinforcing system:
(1) The area, where CFRP composites were to be installed, was grinded to remove any surface
cement paste or irregularities;
(2) Beam edges, where CFRP sheet system were to be installed, were well rounded in order to
avoid stress concentration;
(3) Residues were removed using an air blower;
(4a) For CFRP plate reinforced specimens, 2 mm thick x 100 mm wide CFRP plates were glued
to both sides of the beams at various locations (L1 or L2), as shown in Fig.3.3. L1 and L2
represent the location of the CFRP plate, at 90 mm and 175 mm from top surface, respectively;
(4b) For CFRP sheet reinforced beams, fully wrapped of 0.167 mm x 150 mm CFRP sheets was
bonded to the specimens as shown in Fig. 3.4;
(5) For specimens with end CFRP sheet anchor systems, CFRP sheets having thickness of 0.167
mm were wrapped both vertically and horizontally at ends of beams as shown in Fig. 3.3.
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Figure 3.8 CFRP Plates and CFRP Sheet Anchor System

3.3. Test Setup
3.3.1 Loading Procedure
The beams were loaded monotonically at the extensions of the cantilevers using two vertically
positioned 1000 kN MTS actuators, as shown in Fig. 3.9. Load was applied using displacement
control of 3 mm per load stage, until failure. Loads were kept stationary for 5 minutes at each
load stage.

Figure 3.9 Test Setup (Dimensions in mm)
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3.3.2 Instrumentation
Linear variable displacement transducers (LVDTs) were installed at the loading position to
record displacement. Sixty strain gauges were mounted on steel bars of each specimen in order to
monitor their behavior during loading. Locations of strain gauges and LVDTs are shown in Fig.
3.10. Note that Fig. 3.10 only shows one side of the beam, same number of strain gauges were
embedded on the other side of the beam.

Figure 3.10 Instrumentation (Dimensions in mm)
3.3.3 Data Acquisition
Load and displacement of the actuators were measured and recorded by MTS system
automatically at a frequency of 2 Hz. LVDTs and strain gauges were connected to an external
data acquisition system. LVDT and strain gauge data were read and recorded at the stationary
phase of each load stage.
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CHAPTER 4. EXPERIMENTAL RESULTS (CAP BEAMS)
4.1. Introduction
Overall performance, including failure mode, ultimate capacity, crack propagation, stiffness and
ductility of tested cap beam specimens are summarized in this chapter. Effects of different
variables are also discussed.
Most specimens with proper steel couplers connecting the extension and original beam exhibited
ductile mode of failure. Ductile failure was defined as concrete crush after tensile steel yield.
However, CFRP plate reinforced specimens without proper anchor system failed prematurely
due to debonding of CFRP. PB12 and PB13, which do not have adequate connection between
old and new steel bars failed by shear at the interface.

4.2. Test Results
4.2.1 PB1 (REF)
PB1 (REF) is a reference beam without any additional reinforcing system; detailing of this
specimen was shown in previous chapter (Fig. 3.1a). A concrete support was casted to prevent
break of the column corner, as shown in Fig. 4.1.
The first crack was observed at a load of 55 kN. At a load of 140kN, the interface between
extensions and original beam started to crack. At a load of 180 kN, small vertical cracks started
to form on the side surface near the column. Later, small diagonal cracks were observed near the
extensions. Tensile steel yielded at 230 kN, with associated 8 mm displacement. Concrete
crushed at a displacement of 42 mm. PB1 reached its ultimate flexural capacity at a load of 254.3
kN. The beam was loaded to a displacement of 45mm; it could be predicted that this beam could
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keep its load carrying capacity to larger displacements, if the test setup loading system could
handle larger displacements. Load-deflection diagram of PB1 is shown in Fig.4.3. PB1 exhibited
a ductile response. This is a desirable typical failure mode for an under-reinforced flexural
member, which exhibited good ductility.

Figure 4.1 PB1 before Test

Figure 4.2 PB1 at Failure
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Figure 4.3 PB1 Load-deflection
4.2.2 PB2 (REFD)
PB2 (REFD) is another reference beam without any additional reinforcing system; however, four
#25 dowel bars, with a length of 400 mm, were placed through the interface between the
extensions and original beam。
Fine cracks were observed on the top surface at a load of 80 kN, with associate displacement of
2.5 mm. Cracks propagated to side surfaces at a load of 100 kN, and tensile steel yielded at a
load of 227 kN, with associated displacement of 8.9 mm. The specimen was loaded until
concrete crush in compression zone at a load of 259 kN, as shown in Fig.4.5, with associate
displacement of 50 mm. Load-displacement diagram is shown in Fig. 4.6.
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Figure 4.4 PB2 before Test

Figure 4.5 PB2 at Failure
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Figure 4.6 PB2 Load-deflection
4.2.3 PB3 (P1L1A0)
PB3 (P1L1A0) was reinforced with one layer of CFRP plates on both sides, at Location 1,
without anchors. This beam failed in a brittle manner at a load of 268.8 kN. The flexural CFRP
plates, near the tip, debonded from concrete surface before tensile steel bars had yielded, as
shown in Fig. 4.8. First crack on top surface was observed at a load of 120 kN. At a load of 210
kN, diagonal cracks were observed near the tip and vertical cracks were observed near the
column surface.
PB3 (P1L1A0) exhibited slightly higher capacity and higher stiffness in elastic range than the
reference beam. This test was immediately stopped by the equipment safety control system due
to sudden drop in load. It is very likely this beam would perform as the reference beam if loading
was continued. Load-displacement diagram is shown in Fig. 4.9.
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Figure 4.7 PB3 before Test

Figure 4.8 PB3 CFRP Debonding
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Figure 4.9 PB3 Load-displacement Diagram
4.2.4 PB4 (P1L1A2)
PB4 (P1L1A2) failed by rupture of the CFRP sheet anchor at a displacement of 26.1 mm. Top
surface started to crack at 120 kN. Small vertical cracks started to form near the column surface
at 150 kN. Sound was heard at a load of 210 kN, at which point, it was suspected that the glue
started to break. At 240 kN, distinct cracks were observed at the interface. Tensile steel yielded
at a load of 327.4 kN, with an associated displacement of 12.6 mm. At 335kN, CFRP strips
debonded at mid-span. At 348 kN, CFRP sheet anchor ruptured, as shown in Fig. 4.11. Concrete
crushing occurred just before the CFRP sheet anchor failed, which indicated that this specimen
developed ultimate flexural capacity. Load-displacement diagram of PB4 (P1L1A2) is shown in
Fig. 4.12.
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Figure 4.10 PB4 before Test

Figure 4.11 PB4 CFRP Sheet Anchor Rupture
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Figure 4.12 PB4 Load-displacement Diagram
4.2.5 PB5 (P1L1A6)
PB5 (P1L1A6) failed by the slipping of CFRP plate on one side of the beam from the CFRP
sheet anchor, at a displacement of 41 mm. Tensile steel yielded at a load of 329.6 kN, and
associated displacement of 13.2 mm. After the CFRP plates had slipped, the beam maintained a
capacity of 280 kN, which is slightly higher than the capacity of reference beam, until reaching
the maximum traveling range of the actuators.
Cracks on PB5 (P1L1A6) are considered representative of cracking pattern on CFRP plate
reinforced cap beams. Fig. 4.14 shows the cracks on Beam PB5 (P1L1A6). Flexural cracks
started forming at a load of 90 kN, which was higher than that of the reference beam. More
cracks on top surface were observed as the load was increased. These cracks were distributed
over the full length of the beam. At a load of 120 kN, transverse flexural cracks were observed
on side surfaces near the column face, followed by diagonal cracks near the extension parts, as
shown in Fig. 4.14. Tensile steel yielded at a load of 330 kN with associate displacement of 18
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mm. As the load was increased and cracks grew, the CFRP plates debonded at mid-span but were
still held by CFRP sheet anchors. At a load of 340 kN, at the face of the column, concrete
crushing occurred soon after CFRP plates had debonded. Fig. 4.15 shows the PB5 (P1L1A6)
after reaching the ultimate load. This specimen shows relatively good ductility, although the load
capacity suddenly dropped when slipping occurred. Load-displacement diagram of PB5 is shown
in Fig. 4.16.

Figure 4.13 PB5 before Test
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Figure 4.14 PB5 Cracking

Figure 4.15 PB5 Concrete Crush

z
Figure 4.16 PB5 Load-displacement Diagram
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4.2.6 PB6 (P2L1A8)
PB6 (P2L1A8) had the same failure mode as PB5 (P1L1A6), shown in Fig. 4.18; however, the
ultimate capacity of this beam was as high as 450 kN, which increased by 20% compared to PB5
(P1L1A6).
PB6 (P2L1A8) had a similar cracking pattern to those of PB5 (P1L1A6); however, at the same
load levels, PB6 (P2L1A8) had less cracks than PB5 (P1L1A6). More diagonal cracks were
observed on PB6 (P2L1A8) than PB5 (P1L1A6). Concrete crushing occurred immediately after
CFRP plates had debonded, near the column face, at a load of 440 kN. Separation of bottom
concrete cover was observed when the beam was loaded to a large displacement.
Tensile steel yielded at a load of 381.4 kN, and an associated displacement of 12.8 mm. After
yielding of the tensile steel bars, the beam was able to carry additional load up to 450 kN, and
associated displacement of 35.4 mm. CFRP plates on one side slipped, and then the load dropped
to 275 kN. As the beam was pushed further (displacement control), the load increased to almost
340 kN, which was maintained until a displacement of 47.5 mm. At 47.5 mm, CFRP plates on
the other side slipped from the CFRP sheet anchor, which was immediately followed by drop of
the load to 200 kN. As the beam was pushed further (displacement control), the load increased to
255 kN, which remained until reaching the maximum traveling range of the actuators. Loaddisplacement diagram of PB6 is shown in Fig. 4.19.
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Figure 4.17 PB6 before Test

Figure 4.18 PB6 CFRP Plates Slipping
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Figure 4.19 PB6 Load-displacement Diagram
4.2.7 PB7 (P1L2A6)
PB7 (P1L2A6) had the same failure mode as PB5 (P1L1A6), shown in Fig. 4.21. However, the
ultimate capacity of this beam was 338.3 kN, which decreased by 10% compared to PB5
(P1L1A6). Cracks were first observed on the interface between extensions and original beam at a
load of 90 kN. Vertical cracks near column surface were observed at a load of 150 kN. Cracks
grew underneath the location of CFRP at a load of 180 kN. Diagonal cracks were observed near
the tip at a load of 240 kN. Tensile steel bars yielded at a load of 300 kN, with a displacement of
12 mm, and CFRP strips debonded at mid-span, at a displacement of 20 mm. Concrete in
compression zone crushed at a displacement of 19 mm. There was rarely increase of load after
tensile steel yield. CFRP plates on each side slipped at 36mm and 48 mm, respectively. Loaddisplacement diagram of PB7 is shown in Fig.4.22.
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Figure 4.20 PB7 CFRP before Test

Figure 4.21 PB7 CFRP Plates Slipping
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Figure 4.22 PB7 Load-displacement Diagram
4.2.8 PB8 (P2L2A8)
PB8 (P2L2A8) experienced a similar failure mode as PB5 (P1L1A6). Tensile steel yielded at a
load of 336.2 kN, and at a displacement of 12.4 mm. A CFRP plate on one side of the beam
slipped out of the anchor system at a load of 368.5 kN, and associated displacement of 42.7 mm.
With increased pushing on the beam, the load dropped to 280 kN, then increased to 311.6 kN,
which was maintained until reaching the maximum traveling range of the actuators.
PB8 (P2L2A8) was reinforced using the same amount of CFRP sheet as PB6 (P2L1A8) but at
location 2. It had similar cracking pattern to PB6 (P2L1A8). Compared to PB6 (P2L1A8), more
cracks were observed, as shown in Fig. 4.24. Load-displacement diagram of PB8 is shown in
Fig.4.25.
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Figure 4.23 PB8 before Test

Figure 4.24 PB8 at Failure
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Figure 4.25 PB8 Load-displacement Diagram
4.2.9 PB9 (S8)
PB9 (S8) failed by CFRP sheet rupture near corner at a load of 391.4 kN after crushing of
concrete in the compression zone, which was 54% higher than the reference beam, as shown in
Fig. 4.27. Fine cracks were observed at the interface when loaded to 300 kN with 9 mm
displacement. Tensile steel yielded at a load of 323.9 kN, and a displacement of 12.9 mm,
followed by significant increase of flexural cracks. At 14 mm, CFRP composites debonded from
concrete surface on side of the beam but still held near the extensions. Concrete crushed when
the displacement researched 24 mm. This specimen exhibited the best ductility among all tested
specimens as a result of adequate bonding between CFRP sheets and concrete, which is due to
the fully wrapped scheme. Fig. 4.28 shows load-displacement diagram of PB9.
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Figure 4.26 PB9 before Test

Figure 4.27 PB9 CFRP Sheet Rupture at Corner

88

Figure 4.28 PB9 Load-displacement Diagram
4.2.10 PB10 (CJS8)
PB10 (CJS8) failed by CFRP sheet rupture, as shown in Fig. 4.30, at a displacement of 35.5 mm,
tensile steel yielded at a load of 510.2 kN, and associated displacement of 9.5 mm. This
specimen had larger section than PBS8. It exhibited ductile response, however, its ductility was
lower than PBS8. The lower ductility was caused by high stress in CFRP composites, leading to
earlier CFRP rupture than PBS8, without concrete jacket. Concrete crushing and slight
separation of concrete jacket was observed prior to development of ultimate failure. Fig. 4.31
shows load-displacement diagram of PB10.
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Figure 4.29 PB10 before Test

Figure 4.30 PB10 CFRP Sheet Rupture at Corner
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Figure 4.31 PB10 Load-displacement Diagram
4.2.11 PB11 (P1L1A8S)
PB11 (P1L1A8S) experienced the same failure mode as PB5 (P1L1A6), as shown in Fig. 4.33,
which was CFRP plate slipping out of the anchor on one side first, followed by slipping of the
CFRP plate on the other side. For this specimen, tensile steel yielded at a load of 329.6 kN, with
a displacement of 9.5mm. The first and second bond failure of CFRP plates occurred at 378.6 kN
/ 27.6 mm and 337.4 kN / 47.9 mm, respectively. After failure of CFRP anchors, the beam
maintained a capacity of 275 kN until reaching the maximum traveling range of the actuators.
PB11 (P1L1A8S) exhibited fewer cracks than Beam PB5 (P1L1A6). In addition, the direction of
cracks was closer to vertical than those of PB5 (P1L1A6), as shown in Fig. 4.34. For Beam PB11
(P1L1A8S), the shear cracks were effectively reduced due to the presence of higher shear
reinforcement. Load-displacement diagram of PB11 is shown in Fig. 4.35.
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Figure 4.32 PB11 before Test

Figure 4.33 PB11 CFRP Plates Slipping
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Figure 4.34 PB11 Cracking

Figure 4.35 PB11 Load-displacement Diagram
4.2.12 PB12 (P1L1A8ρ1)
PB12 (P1L1A8ρ1) was reinforced with five No. 12 steel bars as main tensile reinforcement.
However, due to construction error, threaded sleeves were not properly applied, as shown in Fig.
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4.37. The connection between original steel bars and extension steel cage was poor, which
resulted in shear failure at the interface between old and new concrete, as shown in Fig. 4.38.
Top surface of the beam started to crack at a load of 65 kN with associated displacement of 2.5
mm. At a load of 250 kN, with associated displacement of 10 mm, CFRP debonded from the
concrete, and a gap between CFRP plates and concrete was observed, as shown in Fig. 4.39.
Soon after CFRP debonding, shear failure occurred at the interface in a brittle manner at a load
of 275 kN. Concrete was chopped after the test; it was observed that approximately only 0.5 mm
(supposed to be 2 mm) of the extension steel cage was connected to the steel sleeves, which is
considered the main reason of the shear failure. Load deflection diagram of PB12 is shown in
Fig. 4.40.

Figure 4.36 PB12 before Failure
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Figure 4.37 PB12 Poor Connection of the Steel Bars

Figure 4.38 PB12 Shear Failure at Interface
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Figure 4.39 PB12 CFRP Debonding at Mid-span

Figure 4.40 PB12 Load-displacement Diagram
4.2.13 PB13 (P1L1A8ρ2)
PB13 (P1L1A8ρ2) was reinforced with seven No. 14 steel bars as main tensile reinforcement.
However, due to construction error, threaded sleeves were not properly applied, as shown in Fig.
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4.42. The connection between original steel bars and extension steel cage was poor, which
resulted in shear failure at the interface between old and new concrete, as shown in Fig. 4.43.
Cracking was first observed at a load of 90 kN, followed by CFRP plates debonding at mid-span
with a load of 140 kN. Diagonal cracks were observed as load increased. Shear failure at
interface occurred at a load of 250 kN, with associate displacement of 9 mm. Concrete at bottom
of the interface crushed when shear failure occurred. Load displacement diagram is shown in
Fig. 4.44.

Figure 4.41 PB13 before Test
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Figure 4.42 PB13 Poor Connection of Tensile Steel

Figure 4.43 PB13 Shear Failure at Interface
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Figure 4.44 PB13 Load-displacement Diagram

4.3 Effect of Variables on Extended Beams
4.3.1 Dowel Bars
Comparison between PB2 (REFD) and other beams was made to see the effectiveness of dowel
bars. Cracks were observed at the interface between the extension and the original beam for all
the beams without dowel bars, as shown in Fig. 4.45. However, such cracks were rarely observed
on PB2 (REFD), shown in Fig. 4.46. It can be concluded that dowel bars are very effective to
reinforce the interface bond strength and reduce cracks. Therefore, it is strongly recommended to
include dowel bars in design for the purpose of serviceability. The effect of dowel bars on
ultimate strength is not significant as long as appropriate connection is provided on the main
tensile reinforcement.
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Figure 4.45 Crack at Interface

Figure 4.46 Un-cracked Interface
4.3.2 Anchorage System
Test results of beams with different anchor systems, especially specimen PB1 (REF), PB3
(P1L1A0), PB4 (P1L1A2) and PB5 (P1L1A6), are summarized in the previous section. It was
demonstrated that the anchor system has significant effect on post-failure mode, as well as
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ultimate strength and ductility. Beam PB3 (P1L1A0) showed slightly higher stiffness and
reached a slightly higher strength than the reference Beam PBREF. However, this specimen
failed prematurely due to debonding of CFRP plates at the free end of the cantilever, which
occurred before yielding of tensile steel bars.
Comparison of the Beams PB3 (P1L1A0) and PB4 (P1L1A2) test results shows that the use of
two layers of CFRP sheet anchor in both vertical and horizontal directions changed the failure
mode from debonding of CFRP plates, prior to steel bars yielding, to CFRP anchorage sheet
fracture after crushing of the concrete compression zone. As a result, for Beam PB4 (P1L1A2),
the flexural capacity of beam could be developed, and relatively good ductility could be
achieved, as steel yielded before concrete crushed. Test results reveals that CFRP sheet anchors
are very effective in preventing premature debonding failure of this type of beam. However, the
two layers of CFRP anchor sheets developed their strength and fractured after concrete crush had
occurred. Therefore, a larger amount of CFRP sheet was applied to anchor the flexural CFRP
plates for the subsequent beams.
PB4 (P1L1A2) and PB5 (P1L1A6) had different amounts of CFRP sheet anchors. PB5 (P1L1A6)
has six layers of CFRP sheet anchor in both vertical and horizontal directions, which led to a
change of failure mode—CFRP plates pulled out from the anchor system rather than CFRP
anchor fracture. PB4 (P1L1A2) and PB5 (P1L1A6) exhibited a similar response prior to when
CFRP sheets of PB4 (P1L1A2) fractured; however, PBL1S1A6 exhibited slightly higher flexural
capacity and much higher ductility than PB4 (P1L1A2). Ductility μd of a beam is defined as the
ratio of the deflection at ultimate load Δu over the deflection at yield point Δy. Based on the loaddeflection diagrams, the ductility of specimen PB4 (P1L1A2) and PB5 (P1L1A6), calculated
using Eq. 4.1, are 2.40 and 3.68, respectively.
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μd = Δu/Δy

(4-1)

After bond failure of CFRP plates, either by partial slipping or debonding, all beams in this series
exhibited similar response as the reference beam. Fig.4.47 shows load-displacement curves of
beams with different anchor systems.

Figure 4.47 Load-displacement of Beams with Various Anchors
4.3.3 Amount of CFRP Reinforcement
Beams PB5 (P1L1A6) and PB6 (P2L1A8) were reinforced using one layer and two layers of
CFRP plates on each side at the same location (L1), respectively. Beam PB5 (P1L1A6) exhibited
a 47% increase in ultimate flexural capacity and slightly higher stiffness. It can be concluded that
externally bonded CFRP plates with appropriate anchor systems are very effective in improving
flexural capacity of extended pier cap beams.
A comparison of the test results for specimen PB5 (P1L1A6) and PB6 (P2L1A8) is made to
illustrate the effect of different amount of flexural CFRPs. Both of the beams failed by concrete
crush followed by CFRP plates being pulled out from CFRP sheet anchors, which means both
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beams developed their flexural capacity. In addition, steel reinforcement yielded before concrete
crushing occurred. CFRP plates slipping occurred at a load of 376.6 kN and 449 kN for PB5
(P1L1A6) and PB6 (P2L1A8), respectively. The additional one layer of CFRP plate on each side
improved the flexural capacity by 20%. In addition, the flexural capacity of PB6 (P2L1A8) is
almost twice that of the reference beam, PB1 (REF). According to Eq. 4.1, the ductility of PB5
(P1L1A6) and PB6 (P2L1A8) are 3.68 and 2.83, respectively. The larger amount of flexural
CFRP plates resulted in lower ductility; this is because for the same displacement, the specimen
with more CFRP composites carried a much larger load, and flexural CFRP composites were
carrying larger tensile forces. Once tensile force carried by flexural CFRPs reached the bond
strength of the CFRP sheet anchor, the CFRP plates pulled out of the anchor system. It can be
concluded that for this type of pier cap beams, a larger amount of flexural CFRP could improve
the ultimate flexural capacity dramatically; however, it would be associated with a small drop in
ductility. Fig.4.48 shows load-displacement curves of beams with various amount of CFRP
composites.

Figure 4.48 Load-displacement of Beams with Various Amount of CFRP
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Strain on main tensile bars and distributed bars were monitored using strain gauges. Fig. 4.49
shows load versus strain on main bars. It can be seen that a larger amount of CFRP reinforcement
can reduce strain on tensile steel.

Figure 4.49 Load-strain (on tensile steel) of Tested Beams with Various Amount of CFRP
4.3.4 Location of CFRP Reinforcement
Specimen PB8 (P2L2A8) was reinforced using two layers of CFRP plates on each side at
location 2 (L2). The ultimate failure of PB8 (P2L2A8) occurred at 397.1 kN with a displacement
of 42.7 mm. Compared to the reference specimen, PB8 (P2L2A8) exhibited a significant increase
(54%) in ultimate flexural capacity without losing much ductility.
A comparison of test results for specimen PB6 (P2L1A8) and PB8 (P2L2A8) shows that the
closer the CFRP is attached to the tension side, the higher flexural capacity the beam could
achieve. Ductility of PB8 (P2L2A8), calculated using Eq. 4.1, is 3.79, which is slightly higher
than that of PBL1S2A8. Having the CFRP plates bonded at a lower location (L2) resulted in
carrying smaller tensile forces. Compared to Beam PB6 (P2L1A8), the Beam PB8 (P2L2A8)
formed more cracks because the flexural-shear cracks started to form from the top of the beam,
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and CFRP plates near the top proved to be more effective in preventing cracks. Fig.4.50 shows
load-displacement curves of beams with CFRP composites at various locations.

Figure 4.50 Load-displacement of Beams with CFRP at Various Locations
4.3.5 Amount of Original Shear Reinforcement
PB11 (P1L1A8S), the beam with larger amount of shear reinforcements, was reinforced with the
same CFRP system as PB5 (P1L1A6). It had the same failure mode as PB5 (P1L1A6), but with
slightly higher flexural capacity and less ductility. Increase of flexural capacity may be due to
additional confinement from the stirrups. Ductility of PB11 (P1L1A8S) was 2.99, which is
smaller than that of PB5 (P1L1A6). This is because shear cracks were resisted by the stirrups and
higher tensile load was carried by the CFRP plates—when the force reached critical bond stress
near the interface, the beam failed by CFRP plates slipping. This is consistent with the
observation that fewer diagonal cracks formed on PB11 (P1L1A8S). It is observed that heavier
shear reinforcement can significantly reduce strain on stirrups, as shown in Fig. 4.51.

105

Figure 4.51. Load-strain (on stirrups) of Beams with Different Shear Reinforcement
4.3.6 CFRP Sheets versus Pre-saturated CFRP Plates
PB5 (P1L1A6) and PB9 (S8) had the same amount of flexural CFRP reinforcement; however,
PB5 (P1L1A6) was reinforced using pre-saturated CFRP plates with anchors and PB9 (S8) was
reinforced using CFRP sheets.
As mentioned, PB5 (P1L1A6) failed by slipping of CFRP plates from anchor system. PB9 (S8)
failed by rupture of CFRP sheet at corner. Both of the failure modes are sudden failures;
however, for both of the specimens, acceptable ductility was achieved. CFRP sheet reinforced
beams exhibited higher ultimate strength and larger ductility compared to CFRP pre-saturated
plates reinforced beams, as shown in Fig. 4.52. Therefore, fully wrapped CFRP sheets is
considered the best reinforcing scheme in this project.
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Figure 4.52 Load-displacement of Beams with Different Flexural CFRP
4.3.7 Concrete Jacket
Compared with PB9 (S8), PB10 (S8CJ) was reinforced with concrete jacket before application of
CFRP sheets. Both of the two specimens failed by concrete crush, followed by CFRP sheet
rupture at corner of the specimen. Steel yielding was observed before concrete crushing for both
specimens. It can be concluded from Fig. 4.53 that concrete jacket can improve stiffness and
ultimate capacity of the extended cap beam significantly, but ductility was reduced.
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Figure 4.53 Load-displacement of Beams with/without Concrete Jackets
4.3.8 Coupler Properties
For extended beams designed without dowel bars, connection between original tensile steel and
steel in extensions is extremely important in the proposed bridge cap beam extension system.
Tensile reinforcement in specimens PB12 and PB13 was not properly coupled with the
extensions, as shown in Fig. 4.42, which resulted in premature shear failure at interface. Beams
with poor connection of the tensile steel exhibited poor ductility and are not able to develop their
full flexural capacity (concrete crush or CFRP failure).

4.4 Summary
The performance of thirteen cap beams with various reinforcing systems were presented in this
chapter. The effects of amount of flexural CFRP reinforcement, location of CFRP reinforcement,
anchor system, and concrete jacket were investigated. Comparisons between beams flexural
reinforced with CFRP sheets and pre-saturated CFRP plates were made to find the best
alternative reinforcing system for the proposed bridge cap beam extension system.
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The following is a list of key observations of the test results:
1. Flexural CFRP composites are effective in improving the ultimate flexural capacity of
extended pier cap beams. Failure mode of extended pier beams reinforced with CFRP
plates and CFRP sheet anchor system is concrete crush after steel yielding, followed by
slipping of CFRP plates.
2. Slipping of CFRP plates is the common post-failure mode of CFRP plate reinforced
beams with CFRP sheet anchors; this failure mode occurs if the forces on CFRP
composites reach the bond strength of the anchor system. Ductility of extended and
CFRP reinforced pier beams depends on the stress level in flexural CFRP composite
plates, as long as appropriate CFRP sheet anchor system is also applied.
3. Beams reinforced with flexural CFRP sheet system exhibited better ductility than those
reinforced with pre-saturated CFRP plates due to better bond behavior resulted from fully
round wrapping. It should be noted that corners should be well rounded in order to
prevent stress concentration, which may lead to premature failure of CFRP sheets.
4. Concrete jacket can improve stiffness and ultimate capacity of the extended cap beam
significantly; however, ductility can be lower.
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CHAPTER 5 EXPERIMENTAL PHASE (COLUMNS)
5.1 Introduction
Proposed bridge cap beam extension system may result in additional flexural load not only on
cap beam, but also on pier columns, which entails flexural strengthening of RC pier columns.
CFRP composites are proved to be effective for flexural, axial and seismic strengthening for RC
columns. However, hammer headed bridge piers usually consist of rectangular columns, for
which, transverse wrapped CFRP sheet are not effective. A new flexural strengthening scheme
using vertical attached CFRP plates is proposed for flexural/seismic strengthening of RC
rectangular columns. The proposed strengthening system is expected to increase cyclic
performance of the columns and provides a continuous load path for the additional loads resulted
from extensions.
Five full-scaled rectangular RC columns strengthened with either concrete jacket or vertical
placed CFRP plates were tested under low cyclic loading. In this chapter, specimen details, test
procedures and instrumentation are presented first. Then, failure mode, hysteresis loops, energy
dissipation capacity of tested columns specimens are summarized. Strain distribution on CFRP
composites is also discussed.

5.2 Specimen Description
Two series of RC columns (Series I and II) were tested under lateral cyclic loading. Series I
consisted of two specimens: Column 1 (C1) and Column 2 (C2). C1 was tested as a reference
column with a clear height of 3,000 mm, as shown in Fig. 5.1 (a). C2 was strengthened with a
100 mm thick concrete jacket along the full height of column, as shown in Fig. 5.1 (b). The
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second series, Series II, consisted of three specimens: Column 3 (C3), Column 4 (C4) and
Column 5 (C5). C3 was the reference column, which had a clear height of 3,000 mm plus 500
mm with a 100 mm thick concrete jacket, as shown in Fig. 5.1 (c). C4 was strengthened with one
layer of vertical CFRP plates on both sides of the column and C5 was strengthened with two
layers of vertical CFRP plates, as shown in Fig. 5.1 (d). Both C4 and C5 had a clear height of
3,000 mm plus 500 mm with a 100 mm thick concrete jacket. The 500 mm height concrete jacket
was used to avoid debonding of CFRP plates.

Figure 5.1 Detailing of Tested Specimens
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5.2.1 Materials
5.2.1.1 Concrete
In this study, specimens were made of the same batch of concrete. The concrete consisted of
limestone aggregates, flyash, and ordinary Portland cement. The water-cement ratio was 0.36.
The maximum aggregates size was 12 mm. The average concrete compressive strength was 38.1
MPa.
5.2.1.2 Steel
The internal flexural and shear reinforcements had a nominal yield strength of 500 MPa, which is
named HRB (Hot Rolled Bars) 500 steel. This grade of steel was chosen to present common
construction in recent decades. Note that the actual yield strength of the 500 MPa bars might be
as high as 570 MPa.
5.2.1.3 CFRP system
The same CFRP plate mentioned in Chapter 3 was used for flexural strengthening of columns,
which is a commercial unidirectional fiber product having a thickness of 2 mm and a width of
100 mm. The mechanical properties of epoxy used for bonding the CFRP plates, as specified by
the manufacturer, were 2.5 MPa bond strength, 1.3% elongation at breakage, 30 MPa
compressive strength, and 3500 MPa elastic modulus.
5.2.2 Detailing of Specimens
All columns have a rectangular cross section (800 x 450 mm), casted integrally with a 3,000 x
1,500 x 1,000 mm concrete stub. Dimension and reinforcement detailing of tested specimens are
shown in Fig. 5.1. Each column was originally reinforced with sixteen #25 (490.9 mm2) steel
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bars, which resulted in a longitudinal reinforcement ratio of 2.2%. All longitudinal rebars were
extended to the concrete stub to 700 mm to secure the required development length under
seismic loadings. Transverse reinforcement was designed using #10 (78.5 mm2) steel bars with a
spacing of 170 mm. Concrete cover was 50 mm for all specimens. Table 5.1 summarizes
detailing of each test specimen.
All specimens were cast using the same batch of concrete and started from the concrete stubs to
columns.

Series Specimen

I

II

fc’
(MPa)

Concrete jacket
treatment
Thickness

Height

(mm)

(mm)

None

Layers
of

Lateral
steel

CFRP

(mm)

0

3#10@170

Longitudinal
steel

C1

35.2

16#25

C2

34.8

100

3,000

0

3#10@170 16#25,20#16

C3

36.1

100

500

0

3#10@170 16#25,20#16

C4

35.8

100

500

1

3#10@170 16#25,20#16

C5

35.3

100

500

2

3#10@170 16#25,20#16

Table 5.1 Detail of Specimens

5.3 Test Setup
5.3.1 Loading Procedure
The tests were conducted in Shandong Jiaotong University, PR China. Test setup is shown in
Fig. 5.2. The low cyclic lateral loading was applied through a double-action actuator with a 2000
kN load capacity. The loading procedure included two stages, a load-controlled stage and a drift
ratio-controlled stage (ratio of column lateral displacement relative to the column length), as
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shown in Fig. 5.3. The lateral loading sequence included two cycles at each load level until
reaching yield load; it was followed by a series of two cycles at each drift ratio level until load
capacity dropped to 85% of the maximum load.

Figure 5.2 Test Setup

Figure 5.3 Loading Procedure
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5.3.2 Instrumentation
Two linear variable differential transducers (LVDT) were installed on both sides of columns, at
the height of the actuator, to monitor the lateral displacement at the loading point under cyclic
loading. A total of 24 strain gauges were installed on the reinforcing bars in columns. Fig. 5.4 (a)
shows locations of strain gauges installed on longitudinal bars and transverse hoops. In addition,
16 strain gauges were installed on CFRP plates from 50 mm above the short concrete jacket and
covered a length of 450 mm, as shown in Fig. 5.4 (b).

Figure 5.4 Instrumentation (Dimensions in mm)
5.3.3 Data Acquisition
Load and displacement of the actuators were measured and recorded by MTS system
automatically at a frequency of 2 Hz. LVDTs and strain gauges were connected to an external
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data acquisition system. LVDT and strain gauge data were read and recorded at the stationary
phase of each load stage.

5.4. Test Results
Overall performance, including failure mode, hysteresis loops, energy dissipation capacity of
tested columns specimens is summarized in this chapter. Strain distribution on CFRP composites
is also analyzed and discussed.
Test results showed that failure modes of rectangular RC columns were changed by application
of CFRP composites. CFRP composites are effective in improvement of ultimate capacity and
stiffness of rectangular RC columns under cyclic loading.
5.4.1 C1 (REF)
Specimen C1, the reference column in Series I, behaved elastically in the early stage of loading.
Horizontal cracks were observed at the bottom of the column as load reached to 200 kN, which
was approximately 40% of the maximum load. Vertical cracks were formed along the corner of
the column at a displacement of 60 mm. As displacement reached 120 mm, concrete crushing
and spalling off were observed at the bottom corners of the column. Horizontal and vertical
cracks developed quickly and deeply at the same time, as shown in Fig. 5.6. Transverse steel
failed as displacement reached 150 mm, and longitudinal bars buckled at the bottom of the
column as shown in Fig. 5.7. The column could no longer take any more load due to the
formation of a plastic hinge at the bottom. Hysteresis loop of C1 is shown in Fig. 5.8.
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Figure 5.5 C1 before Test

Figure 5.6 C1 Cracking near Bottom
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Figure 5.7 C1 at Failure

Figure 5.8 C1 Hysteresis Loop
5.4.2 C2 (CJ)
For specimen C2, which was strengthened with concrete jacket, horizontal fine cracks were
formed at bottom corners of the column as load reaching 200 kN. Horizontal cracks started to be
clearly observed at a load level of approximately 400 kN. As displacement reaching 60 mm,
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concrete jacket was separated from the stub. As the applied displacement kept increasing to 120
mm, a strong sound was heard, and a large gap occurred between column and stub as shown in
Fig. 5.10. No server cracks were observed on the concrete jacket. Hysteresis loop of C2 is shown
in Fig. 5.11.

Figure 5.9 C2 before Test

Figure 5.10 Gap between Concrete Jacket and Foundation
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Figure 5.11 C2 Hysteresis Loop
5.4.3 C3 (REF2)
Horizontal cracks were observed at the bottom of the column C3 as applied load reached to 100
kN. Diagonal cracks were initiated at the bottom of the column above the short concrete jacket at
a displacement of 60 mm. As displacement increased to 90 mm, more cracks were observed at
the corners of short concrete jacket in the first cycle of loading. A gap between concrete column
and stub was observed in the second cycle at the same displacement level. As applied
displacement increased to about 120 mm, the short concrete jacket was damaged due to concrete
crushing in compression zone. As displacement reached 240 mm, local buckling of the
longitudinal bars occurred at the bottom of the column as shown in Fig. 5.13. Large volume of
concrete on both column and short concrete jacket was crushed and spalled off. Hysteresis loop
of C3 is shown in Fig. 5.14.
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Figure 5.12 C3 before Test

Figure 5.13 C3 at Failure
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Figure 5.14 C3 Hysteresis Loop
5.4.4 C4 (FRP1)
For column C4, strengthened with one layer of CFRP plates, horizontal cracks were observed at
the bottom of the column as the load reached to 200 kN. The short concrete jacket was forced to
be separated from the stub as displacement increased to about 60 mm to 90 mm. Meanwhile,
diagonal cracks were observed on the short concrete jacket. CFRP debonding was observed
when the strips were in compression, as shown in Fig. 5.16. As displacement reached 150 mm, a
strong sound was heard, and a large gap was observed between short concrete jacket and stub,
which was an indication that failure had happened (Fig. 5.17). No severe damage was observed
on the short concrete jacket and column during cyclic loadings. Hysteresis loop of C4 is shown
in Fig. 5.18.
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Figure 5.15 C4 before Test

Figure 5.16 C4 CFRP Debonding
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Figure 5.17 C4 at Failure

Figure 5.18 C4 Hysteresis Loop
5.4.5 C5 (FRP2)
For specimen C5, which was strengthened with two layers of CFRP plates, as applied load
reached to 200 kN, horizontal cracks were observed at the bottom of the column. Short concrete
jacket was separated from the stub as displacement increased to 60 mm. As displacement
reached 90 mm, diagonal cracks were observed on the short concrete jacket. A strong sound was
124

heard, and a large gap occurred between short concrete jacket and stub as applied displacement
was 150 mm (Fig. 5.20). Similar to C4, no severe damage was observed on the short concrete
jacket and column at ultimate state. Hysteresis loop of C5 is shown in Fig. 5.21.

Figure 5.19 C5 before Test

Figure 5.20 C5 at Failure
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Figure 5.21 C5 Hysteresis Loop

5.5 Evaluation of Test Results
5.5.1 Hysteresis Loops
Hysteresis loops of all the five columns are shown in previous chapter. These curves illustrated
the relationship between the load acting on top of columns and corresponding displacement. It
was observed that, in the early stage of loading, as columns were in the elastic state, the residual
deformations were very small, which resulted in narrow hysteresis loops. As columns were
transferred to elasto-plastic stage as applied load increased due to accumulated concrete damage,
which could not be recovered when the load was removed, the area of hysteresis loops increased,
and residual deformation became significant.
Under a certain load, the first loading cycle in the hysteretic response of the rectangular RC
column in this study had an unsymmetrical shape in two different loading directions, while the
hysteretic response of the RC column had a symmetrical elliptical loop in the second loading
cycle, as shown in Fig. 5.22. This was because the second loading cycle represented the
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hysteretic response of the specimen under the same applied load with the damage formed in the
first loading cycle. It should be noted that both peak load and stiffness of the second loading
cycle were lower than those of the first loading cycle.

Figure 5.22 Hysteresis Loops of Specimens under Two Different Loading Cycles
The hysteresis loops of columns in this study were affected by different strengthening systems.
Compared with C1, C2 had a narrower hysteresis loop with a higher load capacity. This was
because the larger section of C2 resulting from the concrete jacket led to a higher stiffness, also a
better confinement of concrete core. The area of hysteresis loops decreased as the RC column
was strengthened with vertical CFRP plates. Compared with C3, both C4 and C5 had narrower
hysteresis loops with a smaller ultimate deflection. This was because C4 and C5 had fewer
cracks and concrete spalling compared with C3 in the elasto-plastic stage. Thus, the residual
deformations of C4 and C5 were smaller than that of C3.
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5.5.2 Ultimate Capacity and Ductility
Table 5.2 summarizes the characteristic loads including cracking loads (Pcr), yield loads (Py) and
maximum loads (Pm), and deformation features including cracking displacements (Δcr), yield
displacements (Δy), and the ultimate displacements (Δu). As noted in Table 5.2, in series I,
compared with C1, C2 has a higher yield load and maximum load. In series II, the cracking load,
yield load and maximum load of C4 and C5 are all higher than those of C3.
It is noted from Table 5.2 that concrete jacket can significantly increase the ultimate capacity of
RC columns under cyclic loads. Maximum load of C2 is about 24% higher than that of the
reference column, C1.

Series

I

II

Characteristic loads

Deformation

Specimen

Strengthening
system

C1

-

200

332.99 460.36 11.97 32.83 149.96

4.57

C2

concrete jacket

200

433.47 569.82 14.91 34.84 119.63

3.43

C3

-

200

381.38 418.72 12.08 45.27 239.93

5.30

C4

1-layer CFRP

200

411.15 481.91 21.53 40.58 179.99

4.44

C5

2-layer CFRP

200

420.37 491.61 27.56 43.27 149.04

3.44

Pcc
(kN)

Py
(kN)

Pm
(kN)

Δcr
Δy
(mm) (mm)

Δu
(mm)

Δu / Δy

Table 5.2 Characteristic Loads and Deformations
In series II, the ultimate capacity of C4 and C5 is approximately 15% and 17% higher than that
of C3, respectively. It is evident that vertical CFRP plates can improve the lateral load bearing
capacity of rectangular RC columns. However, the amount of CFRP plates had insignificant
impact on the enhancement of ultimate capacity in this study. The difference of the maximum
load between C4 and C5 is approximately 2%, this indicated that the tensile strength of CFRP
composites was not fully developed, which agrees with the strain results.
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Large inelastic deformation limits of columns allow structures to endure severe ground motion
and dissipate significant levels of seismic energy. Ductility can be used to evaluate the
deformation capacity of columns under cyclic loadings, which can be defined as the ratio of the
ultimate displacement (Δu) to the yield displacement (Δy).
μ = Δu / Δy

(5-1)

Table 5.2 includes ductility factors of the tested five columns in this study. Strengthening with
concrete jacket reduced the ductility of RC columns subjected to cyclic loading. In series I, the
ductility of specimen with concrete jacket (C2) is about 25% lower than that of the reference
column (C1). This is attributed to the decrease of shear-span-to-depth ratio, due to enlargement
of the cross-section.
Proposed CFRP strengthening also had a negative impact on the improvement of ductility. In
series II, compared with the reference column (C3), the ductility of C4 and C5 decrease
approximately 16% and 35%, respectively. Strengthening with more layers of vertical CFRP
plates resulted in a higher reduction of ductility in this study. The ductility of C5 is about 22%
lower than that of C4.
5.5.3 Envelope Curves
The relationship between the experimental peak load and corresponding deflection from hysteresis
loops is normally represented by the envelope curve, as shown in Fig. 5.23.
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Figure 5.23 Envelope Curves of Specimens: (a) Series I: the influence of concrete jacket, (b)
Series II: the influence of vertical CFRP plates.
Fig. 5.23(a) shows influence of concrete jacket on the envelope curves of columns. The initial
stiffness of specimen with concrete jacket (C2) was slightly higher than that of the reference
column (C1). This was because C2 had a larger cross-section due to strengthening with concrete
jacket. The envelope curves of these two specimens showed significant difference in the elastoplastic and failure stages. It was clearly observed that the specimen with concrete jacket
exhibited higher load capacity than that of the reference column.
130

Fig. 5.23 (b) illustrated the influence of vertical CFRP plates on the envelope curves of columns.
Before the applied load increasing to 300 kN, all the three columns had similar stiffnesses.
Stiffnesses of specimen C3, C4 and C5 in the elastic stage were not affected by the vertical
CFRP plates significantly. In addition, as shown in Fig. 5.23 (b), all specimens in Series II had
an evident yielding platform. Beyond the yield load point which was about 400-500 kN, C3 had
a larger deformation under a certain load level, compared with C4 and C5. This was because
after yielding, diagonal cracks were initiated at the bottom of C3. More cracks were observed at
corners of short concrete jacket of specimen C3. Additionally, concrete was crushed and spalled
off in the loading process. The ultimate displacements of C3 in both directions were larger than
those of C4 and C5. Specimen C4 and C5 showed similar response in both elastic and yield
stages. However, the ultimate displacements of C5 in both directions were smaller than those of
C4. It was evident that CFRP strengthened columns exhibited higher load capacity.
5.5.4 Stiffness Degradation
In this study, the stiffnesses of tested columns at the ith load step were evaluated through the
following ratio (Realsonzo, 2009):
K = (| Vu,i+ | +| Vu,i- | ) / ( | Δu,i+ | +| Δu,i- | )

(5-2)

where Vu,i+ and Vu,i- is the average positive (or negative) maximum load of two loading cycles at
the ith loading step, and Δu,i+ and Δu,i- is the average positive (or negative) corresponding
displacement. The stiffness of all test specimens in this study decreased due to structural damage
induced by cyclic loadings. The impact of vertical CFRP plates on delaying the performance
deterioration of RC columns could be reflected through stiffness degradation curves.
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Fig. 5.24 (a) showed the stiffness degradation of specimens in Series I. It was observed that C2
had a higher stiffness in all stages of loading. However, these two specimens had similar
stiffness degradation rates. Concrete jacket had no significant impact on delaying the stiffness
degradation of rectangular RC columns subjected to lateral cyclic loading in this study.
Fig. 5.24 (b) illustrated the stiffness degradation of three specimens in Series II. For specimen
C3, the stiffness degraded slowly in the elastic range. After column yielded at approximately 60
mm, the stiffness decreased drastically. All these three columns had similar stiffness degradation
rates after yielding, however, the column without CFRP strengthening system (C3) had a lower
stiffness value. This was because the column and short concrete jacket of specimen C3 were
subjected to severe cracking and plastic damage after yielding. Vertical CFRP plates improved
the stiffness of columns under cyclic loading. However, the amount of CFRP plates have no
evident impact on the enhancement of column stiffness in this study.

Figure 5.24 Stiffness Degradation: (a) Series I, (b) Series II
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5.5.5 Energy Dissipation Capacity and Equivalent Viscous Damping Coefficient
Energy dissipation capacity in a certain loading cycle can be described by the area enclosed by
the corresponding load-displacement hysteresis loop as shown in Fig. 5.25. It can be quantified
by the equivalent viscous damping coefficient he, which can be obtained using following
equation:
he = S(ABC+CDA) / [2π x S(OBE+ODF)]

(5-3)

where S(ABC+CDA) is the area of the hysteresis loop and S(OBE+ODF) is the sum of areas enclosed by
right triangles of OBE and ODF. Fig. 5.26 shows the relationship between displacement and
corresponding vicious damping coefficient he. Since the area of hysteresis loop before yielding
was quite small which resulted in a damping coefficient close to zero, only the average value of
the two loading cycles at displacement levels larger than 60 mm is included in Fig. 5.26. It was
observed that the equivalent vicious damping coefficients of all tested specimens increased with
an increment of displacement. Since the damping coefficient of C2 was lower than that of C1 for
most loading stages, concrete jacket did not exhibit beneficial effect on the energy dissipation
capacity of columns in this study.
For Series II, beyond the displacement of 130-140 mm, columns strengthened with vertical
CFRP plates had larger values of damping coefficient compared with that of the reference
column (C3) at the same displacement. This indicated that the vertical CFRP plates could
enhance the energy dissipation capacity of columns at the end stage. Before this, the vertical
CFRP plates had no beneficial effect on enhancing the damping behavior of columns in this
study.
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Figure 5.25 Equivalent Viscous Damping Coefficient (Ouyang, Gao, Zhen, & Lu, 2017).

Figure 5.26 Equivalent Viscous Damping Coefficient of Specimens
5.5.6 Strain Distribution on CFRP Composites
The strain in CFRP reflected the tensile reinforcement attributed to the attached CFRP plates.
Fig. 5.27 and 5.28 shows typical cyclic CFRP strains versus the lateral displacement of specimen
C4 and C5. Due to symmetry, only strain distributions of CFRP plates on the left side of column
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was presented. It was noted that the strain on CFRP plates started to increase as the displacement
of columns reached to approximately 30 mm. This was mainly because at this displacement
level, horizontal cracks were observed on the column surface. As displacement increased to 90
mm, the increasing rate of strain on CFRP plates developed drastically due to diagonal cracks
formed on the short concrete jacket.

Strain gauges
SG-FRP 1,5
SG-FRP 2,6
SG-FRP 3,7
SG-FRP 4,8

Distance to the
column bottom
(mm)
1,000
850
700
550

Ultimate CFRP strain (με)
εu_FRP_C4 /
εu_FRP_C5 /
εu_FRP_C4
εu_FRP_C5
εu_FRP
εu_FRP
1934.06
0.12
1,923.91
0.12
3002.58
0.18
1,636.81
0.10
3,873.83
0.24
2,286.16
0.14
3,730.17
0.23
2,205.16
0.14
Table 5.3 CFRP Ultimate Strains

Figure 5.27 Strain on CFRP Plates of Specimen C4
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εu_FRP_C4 /
εu_FRP_C5
1.01
1.83
1.69
1.69

Figure 5.28 Strain on CFRP Plates of Specimen C5
C4 had a larger CFRP strain compared with C5, at a certain load stage. Table 5.3 summarizes the
ultimate CFRP strains of C4 and C5 at different locations. The ratio of the CFRP ultimate strain
of C4 to that of C5 was between 1.01 and 1.83 in this study. The largest strain developed on
CFRP composites was approximately 25% of the ultimate strain of CFRP plates, which indicated
that CFRP plates were not fully developed in this test.

5.6. Summary
This chapter presents the test results of five full scaled columns, strengthened with various
strengthening systems, under cyclic load. Based on the test results, following conclusions can be
drawn:
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1. Strengthening with vertical CFRP plates could delay the cracking stage of rectangular RC
columns. The cracking loads observed in tests with specimens with vertical CFRP plates
(C4 and C5) were two times higher than that of specimen without CFRP plates (C3);
2. The attachment of vertical CFRP plates significantly affect the failure mode of RC
columns under cyclic loading. The column without vertical CFRP plate failed due to
concrete crushing in compression zone and local buckling of longitudinal bars at bottom
of the column. While the column strengthened with vertical CFRP plates failed due to
separation of short concrete jacket and stub. Vertical CFRP plates could enhance the
integrity of column and short concrete jacket at ultimate state under cyclic loading;
3. Vertical CFRP plates are effective in improving the ultimate capacity of rectangular RC
columns under lateral cyclic loading. The ultimate capacity of specimens with 1 layer
CFRP (C4) and 2 layers of CFRP (C5) was 15% and 17% higher than that of the
reference column (C3), respectively. However, the amount of CFRP did not have an
obvious impact on the ultimate capacity enhancement, since the difference of the ultimate
capacity between C4 and C5 was less than 2%;
4. Vertical CFRP plates can improve the stiffness of columns under the cyclic loading.
However, the amount of CFRP has no obvious impact on the enhancement of column
stiffness in this study;
5. Vertical CFRP plates could enhance the energy dissipation capacity of columns at the end
stage. Before this, the vertical CFRP plates had no beneficial effect on enhancing the
damping behavior of columns;
6. Under a certain displacement, the specimen with one layer of CFRP (C4) had a larger
CFRP strain compared with that of the specimen with two layers of CFRP (C5). The ratio
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of the CFRP ultimate strain of C4 to that of C5 was between 1.01 and 1.83 in this study.
Since tensile strength of CFRP plates were not fully developed in this test, less amount of
CFRP plates could be applied for strengthening.
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CHAPTER 6 FINITE ELEMENT MODELING
6.1 Introduction
In this chapter, a 3-D finite element (FE) model is developed to investigate the structural
behavior of proposed cap beam extension and reinforcing system. It was found that the general
structural behavior, such as failure mode and load-displacement response, shows good agreement
with the experimental data.
Behavior of concrete, reinforcing steel, CFRP composites and bond between different materials
were included in the proposed FE model. Specimens which developed the ultimate flexural
capacity were modelled using a commercial package ABAQUS. The FE modeling results were
verified against experimental data, and it was found the proposed FE model can predict failure
modes such as concrete crush, CFRP plates slipping and CFRP sheet rupture with reasonable
accuracy. In this study, six beams are selected from experimental tests to verify the proposed
finite element model:
PB1: Reference beam.
PB5: Beam reinforced with one layer of CFRP plates at Location 1 anchored with six layers of
fully wrapped CFRP sheet in transverse direction and six layers of U shaped CFRP sheet in
horizontal direction as anchors.
PB6: Beam reinforced with two layers of CFRP plates at Location 1 anchored with eight layers
of fully wrapped CFRP sheet in transverse direction and eight layers of U shaped CFRP sheet in
horizontal direction as anchors.
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PB8: Beam reinforced with two layers of CFRP plates at Location 2 anchored with eight layers
of fully wrapped CFRP sheet in transverse direction and eight layers of U shaped CFRP sheet in
horizontal direction as anchors.
PB9: Beam reinforced with eight layers of fully wrapped CFRP sheet.
PB10: Beam reinforced with concrete jacket and eight layers of fully wrapped CFRP sheet.

6.2 FE Modeling Methodology
6.2.1 Assumptions
The proposed FE model was developed based on following assumptions:
1. Steel bars are perfectly bonded to concrete.
2. Tensile steel bars of original beam are appropriately connected to the extension steel
cage.
3. Shear strength is adequate at interface between extension and original cap beam.
4. Concrete crush occurs at a compressive strain of 0.003.
5. CFRP rupture occurs at an ultimate strain of 0.016.
6. Slipping of CFRP plates from CFRP sheet anchor when the interface stress exceed the
maximum bond strength (Singh, Castillo, & Ingham, 2019).
6.2.2 Geometry and Boundary Conditions
In order to reduce the amount of computational cost, half of the specimen was modeled, as
shown in Fig. 6.1. Fixed and symmetric boundary condition was adapted for bottom and center
plane of the cap beam, respectively.
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A 300 mm diameter rigid plate was placed on the same location as the experimental test for load
transfer, and “tie” connection crushing (Dassault Systèmes, 2016) is used between the plate and
the beam. The rigid plate was modeled with very high strength and stiffness material to avoid
undesired deformation.

Figure 6.1 Geometry of FE Model
6.2.3 Concrete Modeling
Concrete Damage Plasticity (CDP) model was selected for concrete modelling. CDP is a
continuum, plasticity-based, damage model for concrete. It is assumed that two main failure
mechanisms of this model are tensile cracking and compressive crushing (Dassault Systèmes,
2016). In this model, C3D8R, a 3-D stress solid element with 8 nodes was used for concrete
modelling.

141

A simple and rational stress-strain model (Yang, Mun, Cho, & Kang, 2014) was adapted to
model compressive behavior of concrete. In this model, a key parameter β1 was implemented to
determine the slopes of the ascending and descending branches. β1 can be calculated using
Eq.6.1 and Eq. 6.2 for ascending and descending branches, respectively.
0.2exp 0.73

(6-1)

0.41exp 0.77

(6-2)

Where ξ is equal to (fc’/f0)0.67(w0/wc)1.17, and the reference values of f0 and w0 are equal to 10 MPa
and 2300 kg/m3, respectively; ε0 can be calculated using Eq.6.3.
⁄

0.0016 exp 240

(6-3)

Where fc’ is compressive concrete strength in MPa; Ec is the compressive elastic modulus of
concrete in MPa.
Stress strain relationship of the adapted model can be presented in Eq. 6.4.
,

Where εc is the strain; fc is the corresponding stress.
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(6-4)

Figure 6.2 Compressive Behavior of Concrete (Yang, Mun, Cho, & Kang, 2014)
A bi-linear behavior was assumed for concrete under uniaxial tension and the ultimate tensile
strength was calculated based on the compressive strength, according to AASHTO (2012). In
this model, the concrete was assumed to have a dilation angle of 35°, a Poisson’s ratio of 0.2, a
yielding parameter Kc of 0.667 and eccentricity of 0.01.
6.2.4 Steel Modeling
Steel reinforcement was modelled using T3D2 element, which is a 3-D 2 node truss element. The
steel reinforcement was assumed to be elastic-perfectly plastic and perfectly bonded to concrete,
as shown in Fig. 6.3. In addition, since no specimen failed at the old-new concrete interface, the
steel bars in extended part are assumed to be perfectly connected to the original bars, as shown in
Fig. 6.4.
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Figure 6.3 Stress-strain Curve of Steel

Figure 6.4 Modeling of Steel Reinforcement
6.2.5 CFRP Composites Modeling
CFRP composites were modelled using S4R element, which is a 4 nodes shell element.
Properties of CFRP composites used in this FE studies are exactly the same as experimental
tests.
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COH3D8, an 8-node 3D cohesive element, was used to simulate the interface of bond behavior
between CFRP composites and concrete. Traction-separation damage law was adapted in this
model and damage evolution was defined by fracture energy calculated from simplified bond-slip
model proposed by Lu et al (Lu X. , Teng, Ye, & Jiang, 2005). The maximum force that the CFRP
anchor system could carry dominates the CFRP slipping failure. An upper and a lower bound of
the anchor capacity can be calculated using Eq. 6.5a and Eq. 6.5b. The upper bound value equals
to sum of maximum CFRP-concrete interface bond strength and maximum CFRP-CFRP interface
bond strength. It assumes both CFRP-concrete interface and CFRP-CFRP interface could develop
their bond strength. The lower bound value equals twice of the minimum of CFRP-concrete
interface bond strength and CFRP-CFRP interface bond strength. It assumes shear stress at both
side of the CFRP plates equal to each other and slipping occurs when either side reaches its limit.
The FEM results were step-by-step monitored to identify the failure and analysis termination.
When the force in CFRP plates exceeded the upper bound of the anchor system capacity, the
analysis was terminated. However, the lower bound value should be used in analysis and design,
since it is more conservative. In this study, ductility and strain analysis are based on the lower
bound values.
(6-5a)
2 ∗ min

,

(6-5b)

Where Fupper bound and Flower bound are the upper and lower bound of maximum force the anchor
system could carry; Pfc is the bond strength between CFRP and concrete; Pff is the bond strength
between CFRP laminates. Pfc and Pff could be calculated using Eq. 6.6 and Eq. 6.9 (Singh,
Castillo, & Ingham, 2019), respectively.
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2Г

2

(6-6a)

2Г

(6-6b)

Where bf is width of CFRP composites in mm; γfd is strength reduction factor, 1.0 for flexure; Г
is fracture energy of concrete in N/mm2; Ef is elastic modulus of CFRP composites in MPa; tf is
thickness of CFRP composites in mm; L is bond length of CFRP composites in mm, and Lcrc is
critical bond length between CFRP and concrete in mm.
Г

(6-7)

Where γRd is corrective factor equal to 1.25; fbd is design FRP bond strength from Eq. 6.8.
Г

(6-8)

Where Su is fiber deformability matrix component and is equal to 0.25 mm.
0.4

(6-9a)

0.6

(6-9b)

Where σr is the tensile strength of the resin in MPa; σf is the tensile strength of CFRP composites
in MPa and Lcrf is critical length between CFRP composites in mm, which could be calculated
using Eq. 6.10.
(6-10)
Other than CFRP slippage out of the anchorage, the other mode where the analysis would be
terminated is high strain in CFRP sheets, reaching the ultimate strain of CFRP composites.
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6.3 FE Modeling Results
6.3.1 Failure Mode and Ultimate Capacity
All specimens in this study developed their ultimate capacity in the form of concrete crushing
after steel yielding in the compression zone. Post failure mode varies from slipping of presaturated CFRP plates off CFRP sheet anchor system to rupture of flexural CFRP sheets.
Proposed finite element model predicted concrete crushing load, as well as the post failure mode
and its associate load, with reasonable accuracy. Comparison of failure mode and associated
failure load of experimental and the FE model are summarized in Table 6.1.

Beams

Experimental
Concrete crush
Ultimate
(kN)
capacity (kN)

PB1
PB5
PB6
PB8
PB9
PB10

Ultimate
Failure mode

FE
Concrete crush
Ultimate
Ultimate
(kN)
capacity (kN) Failure mode

256.7
350.5
440.3
368.5
357.2
511.2

256.7
CC
263.5
263.5
376.6
AS
339.3
376.0
449.0
AS
409.4
487.8
391.7
AS
370.5
419.1
391.4
FR
341.1
417.2
534.3
FR
483.9
544.3
Table 6.1. Comparison between Experimental and FE Results
Note: CC = concrete crush; AS = slipping between CFRP and anchor system; FR = CFRP

CC
AS
AS
AS
FR
FR

rupture.
PB1 failed by concrete crushing after steel yielding in both the experimental and FE analysis.
The FE model showed higher ultimate capacity at smaller displacement.
Slippage of pre-saturated CFRP plates, after concrete crushing, occurred for specimen PB5 and
PB6 during the experimental tests, the same failure mode was observed in the FE analysis. For
both specimens, concrete crushing in FE analysis occurred earlier than that was observed in the
experimental, however, anchorage bond failure occurred at an earlier stage in experimental than
in FE modelling.
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CFRP rupture at the corner of the specimen after concrete crush occurred for specimen PB9 and
PB10 in experimental test, the same failure mode was observed in proposed FE model. For both
specimens, concrete crushing in FE analysis occurred earlier than that in experimental, however,
CFRP rupture occurred at an earlier stage in experimental than in FE analysis. Fig.6.5 and
Fig.6.6 show compressive concrete crushing and CFRP rupture in proposed FE model.

Figure 6.5 FEM Strain Contours (ε) Showing Concrete Crushing in Compression Zone

Figure 6.6 FEM Strain Contours (ε) Showing CFRP Rupture at Corners
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6.3.2 Load-displacement Response and Ductility
Comparison of the load-displacement curves between FE results and experimental results are
shown in Figure 6.7-6.12.

Figure 6.7 PB1 Load-displacement

Figure 6.8 PB5 Load-displacement

149

Figure 6.9 PB6 Load-displacement

Figure 6.10 PB8 Load-displacement
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Figure 6.11 PB9 Load-displacement

Figure 6.12 PB10 Load-displacement
The predicted load-displacement of specimen PB1 shows good agreement with the experimental
results in terms of the cracking load, stiffness, steel yielding point and ultimate capacity. The FE
model shows slightly higher stiffness before yielding and slightly higher ultimate capacity.
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In FE model of CFRP reinforced beams, slightly higher stiffness before yielding of steel was
observed, however, almost perfect match was achieved in terms of the stiffness after yielding
point. The yielding point of FE models matched that of experimental results as well.
Displacement at failure indicates ductility of beams reinforced with various reinforcing systems.
Ductility was calculated as the ratio between ultimate displacement and yield displacement, as
shown in Table 6.2. Proposed FE model predicted displacement of pre-saturated CFRP slipping
at a larger displacement than experimental, with an error less than 10%. Both experimental and
finite element results show that enlarged section and additional steel reinforcement would lead to
a stiffer section which results in reduction of yield displacement.
Beams
PB1
PB5
PB6
PB8
PB9
PB10

Δy(mm)
8.0
13.2
12.8
11.8
12.9
9.5

Experimental
Δu(mm)
μ (Δu/ Δy)
Δy(mm)
N/A
N/A
8.4
41
3.11
9.8
35.4
2.77
10.3
41.7
3.53
10.5
64.0
4.96
9.8
35.5
3.74
6.5
Table 6.2 Ductility

FE
Δu(mm)
N/A
35.6
32.8
37.8
81.3
34.4

μ (Δu/ Δy)
N/A
3.61
3.18
3.60
8.29
5.31

Note: Δy = yield displacement; Δu = ultimate displacement; μ = ductility. N/A = not applicable
for reasons as ultimate displacement longer than travelling range/out of FE computational range.
6.3.3 Strain on Tensile Steel and CFRP Composites
The finite element-to-experimental comparisons, in terms of load-strain relationship on tensile
steel reinforcement for tested beams are shown in Fig. 6.13. Good agreement is achieved which
indicates the validity of proposed FE model. Unfortunately, strain gauge failed before failure of
CFRP composites. However, strain on CFRP composites at CFRP slipping/rupture could be
predicted using finite element model, as shown in Table 6.3. Slipping of CFRP plates of PB5 and
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PB6 occurred at strain values of 1.3% and 0.85%, which are 81% and 53% of ultimate strain,
respectively.

Figure 6.13 Strain in Steel Bars Comparison
For PB5 and PB9, with 400 mm2 flexural CFRP composites (CFRP reinforcement ratio ρf =
0.0023), approximately 25% of ultimate strain was developed at concrete crush. For PBP2 with a
CFRP reinforcement ratio ρf = 0.0046, 21% of ultimate strain was developed at concrete crush. It
is also observed that CFRP strain at concrete crush was reduced to 14% due to existence of
concrete jacket. Strain value of tensile steel and CFRP composites at different stages are shown
in Table 6.3.

Beams
PBR1
PB5
PB6
PB8
PB9
PB10

Experimental
FE
εs at concrete
εs at concrete
εCFRP at concrete
crushing (%)
crushing (%)
crushing (%)
0.43
0.42
N/A
0.45
0.46
0.44
0.33
0.35
0.34
0.37
0.39
0.28
0.38
0.44
0.42
0.22
0.25
0.24
Table 6.3 Strain on Tensile Steel and CFRP Composites

Note: εs = strain on tensile steel; εCFRP = strain on flexural CFRP composites
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εCFRP at CFRP
debonding/rupture (%)
N/A
0.75
0.58
0.59
1.68
1.68

6.4 Summary
A 3-D finite element model is proposed in this chapter and verified against experimental data. It
was found that proposed finite element model is capable of predicting the structural behavior of
extended beams reinforced with various systems in terms of failure mode, stiffness, yielding
point and ultimate capacity, with good accuracy. Compared to experimental results, the proposed
finite element model provides higher stiffness, higher ultimate capacity and slightly higher
ductility. Stiffer behavior and higher ultimate capacity is attributed to the assumption of fully
bonded steel reinforcement. It was also observed, in finite element analysis, concrete crushing in
compression zone occurred at an earlier stage than that in experimental test, which indicates
proposed finite element model provides conservative flexural capacity prediction. According to
strain analysis, for CFRP plate reinforced beams, doubling the amount of CFRP plate will reduce
22.6% of the strain ultimately developed in CFRP composites.
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CHAPTER 7 ANALYTICAL MODEL
7.1 Introduction
Change in geometry of a structural member causes a non-linear distribution of strains within the
cross-section, which means the plan sections assumption cannot be applied. Strut-and-tie model,
which consists of struts and ties connected at nodes, is widely used for strength prediction of
such concrete members, as it allows for easy visualization of the force flows. In general, flexural
assumptions are rarely applicable to deep reinforced concrete beams. Although the proposed cap
beam extension and reinforcing system tends to increase span-to-depth ratio of the cap beam,
shear cracks were still observed in the test, which indicates shear is affecting the behavior of the
proposed system. In this chapter, a strut-and-tie based analytical model is developed and verified
against the experimental results. It was found that the proposed analytical model is capable of
predicting the failure mode and ultimate strength of proposed system. Comparison is made
between experimental results, finite element results, proposed analytical model, as well as
sectional approach from ACI 440 guidelines.

7.2 Proposed Analytical Model
7.2.1 Assumptions
The proposed analytical model was developed based on following assumptions:
1. Plain section assumption is not applicable due to change of cross-section along the beam.
2. Idealized hypothetical pin-jointed truss structure can be used to model the geometrical
discontinued member.
3. Tensile steel reinforcement yields at ultimate state.
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4. Horizontal stress on bottom node is at its maximum permitted value of 0.85 f’c.
5. The limiting compressive stress in a strut crossed by a tie can be determined using
Equation 7.5 and 7.6. (AASHTO, 2012).
6. CFRP rupture occurs at an ultimate strain of 0.016.
7. Slipping of CFRP plates from CFRP sheet anchor occurred when the interface stress
exceeded the maximum bond strength (Singh, Castillo, & Ingham, 2019).
7.2.2 Analysis Procedure
After preliminary estimation of the truss model, as shown in Fig. 7.1, an iterative analysis is
performed to predict the failure mode and to calculate the ultimate strength. A flow chart of
proposed analysis procedure is shown in Fig. 7.2. For a given load P, force/stress/strain in each
element is compared to the limited value, any of these values exceeding the limit indicates failure
of the beam. Each step is illustrated in detail in the following sections. If the given load P doesn’t
cause any force/stress/strain beyond the limits, P should be increased. Limit checks are
recommended to be performed but not limited in following order: 1. maximum capacity of the
anchor system; 2. ultimate strain/stress on CFRP composites; 3. allowable stress in struts; 4.
allowable stress in nodes.

Figure 7.1 Idealized Geometry of Proposed Strut-and-tie Model
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Figure 7.2 Flow Chart of Proposed Analytical Model
7.2.3 Preliminary Estimation of Truss Model
The first step of strut-and-tie modelling is to select a suitable truss model. In this study, a simple
truss model with direct diagonal struts from the loading points to the support is selected, and
main tensile steel and CFRP composites served as ties. Geometry of the proposed strut-and-tie
model is shown in Fig. 7.1. By establishing the basic truss geometry, location of the ties (tensile
steel and CFRP composites) can be determined according to reinforcement detailing. Node
dimensions w1, h1 and w2, as shown in Fig. 7.3 can be determined by size of the support and
loading pad.
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Figure 7.3 Dimension of Struts and Nodes
7.2.4 Force on CFRP Composites
By assuming horizontal stress on bottom node is at its maximum permitted value of 0.85 f’c,
tensile force on CFRP composites and depth of the bottom node “c” can be solved using
following equilibrium equations.
0.85

(7-1)
(7-2)

Where As is cross-section of tensile steel; fy is yield strength of steel; Tf is tensile force in CFRP
composites; f’c is concrete compressive strength; b is width of the beam; c is depth of the bottom
node; P is the applied load; L is the distance from the loading point to center of the beam; ds is
distance from centroid of tensile steel to bottom of the beam; df is distance from center of CFRP
composites to bottom of the beam.
For CFRP plate reinforced beams, Tf is compared to the maximum capacity of the CFRP sheet
anchor system (Singh, Castillo, & Ingham, 2019) to evaluate slipping failure of the anchor
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system. If adequate anchor capacity is provided, strain of CFRP composites shall be calculated
and compared to ultimate strain.
(7-3)
Where εf is strain of CFRP composites; Af is area of CFRP composites; Ef is elastic modulus of
CFRP composites.
Strain check is applied to CFRP sheet reinforced beams.
7.2.5 Stress in Struts and Nodes
As the depth of the bottom node “c” is known, angle between the diagonal strut and horizontal
tie “α”, and width of strut “ws” can be calculated from geometrical relationship. Compressive
force on diagonal strut can be calculated using equilibrium of the top node. By dividing the
compressive force by cross-section of the strut, stress in the strut can be calculated.
(7-4)
Where fsc is the stress in diagonal strut; Csc is compressive force in strut.
Strut stress is compared to the limit stress calculated from Equation 7.5 and 7.6. (ASSHITO,
2012).
0.85

.

0.002

(7-5)
∝

Where fc is the limit compressive stress in a strut crossed by a tie; ε1 is the transverse tensile
strain.
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(7-6)

If the stress in the strut exceeds limit stress, it indicates failure of the strut. Node stress is
calculated and compared to limit stress as typical strut-and-tie analysis. Nominal compressive
strength of a nodal zone shall be calculated using Eq. 7.7 (ACI 318, 2014)
0.85

(7-7)

Where βn is 1.0 for nodal zone bounded by struts, bearing areas, or both; 0.8 for nodal zone
anchoring one tie; 0.6 for nodal zone anchoring two or more ties.

7.3 Verification of Proposed Analytical Model
Specimens with various reinforcing systems from experimental study are analyzed with proposed
analytical model. Failure modes and ultimate strength are summarized in Table 7.1.
Experimental
Analytical
Beams
Concrete crush
Ultimate
Strut failure
Ultimate
(kN)
Capacity (kN)
(kN)
Capacity (kN)
PB1 REF
256.7
256.7 (CC)
249.5
249.5 (S)
PB3 P1L1A0
N/A
268.8 (CFRPD)
N/A
263.2(CFRPD)
PB5 P1L1A6
350.5
376.6 (AS)
342.8
388(AS)
PB6 P2L1A8
440.3
449.0 (AS)
429.6
447.4(AS)
PB8 P2L2A8
368.5
391.7 (AS)
355.4
387.9(AS)
PB9 S8
357.2
391.4 (FR)
357.9
N/A
PB10 S8CJ
511.2
534.3 (FR)
495
N/A
Table 7.1 Ultimate Capacity Prediction Using Proposed Analytical Model
Note: CC = Concrete crush; S = Strut failure; CFRPD = CFRP debonding; AS = slipping
between CFRP and anchor system; FR = CFRP rupture.
Experimental results show that specimens reinforced by CFRP plates with CFRP sheet anchors
failed by concrete crushing after steel yielding, followed by flexural CFRP slipping, specimens
reinforced with CFRP sheets failed by concrete crushing, after steel yielding, followed by
flexural CFRP rupture. The smallest strut width in the proposed analytical model is at the
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location of the compression zone, where concrete crush occurred. Therefore the analytical strut
failure load is compared with concrete crushing load in experimental tests.
Reference specimen PB1, without any additional reinforcing system, was analyzed using
conventional strut-and-tie model. Analytical result shows good agreement with experimental
results. PB3 (P1L1A0) failed by CFRP debonding at tip of the beam for both experimental and
analytical. The bonding strength between CFRP and concrete used in analytical model was
calculated using Eq. 6.6. Analytical prediction of ultimate load of PB1 and PB3 is slightly lower
than the experimental results.
PB5 (P1L1A6), PB6 (P2L1A8) and PB8 (P2L2A8) failed by concrete crush, after steel yielding,
followed by CFRP plate slipping in experimental test. Failure mode of these beams were
successfully predicted with proposed analytical model. Analytical prediction of concrete failure
load show good agreement with experimental results. In addition, accurate prediction of CFRP
slipping load was achieved using proposed analytical model.
For CFRP sheet reinforced beams, PB9 (S8) and PB10 (S8CJ), Stress concentration at beam
corners, which is not considered in proposed analytical model, resulted in CFRP rupture.
Therefore, the proposed analytical model was only used to predict strut failure load for CFRP
sheet reinforcing system. It can be seen from Table 7.1, proposed analytical model is effective to
predict the concrete failure load, which is commonly used for analysis and design.

7.4 Sectional Approach in ACI Guideline
A sectional approach is provided by American Concrete Institute (ACI 440, 2017) to predict
ultimate capacity of CFRP flexural strengthened RC beams. Following assumptions are made in
determination of flexural capacity of a section strengthened with CFRP composites:
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1. Design calculations are based on the dimensions, internal reinforcing steel arrangement,
and material properties of the existing member being strengthened.
2. The strengthened beam has adequate shear strength.
3. A plane section before loading remains plane after loading. Therefore, the strains in the
steel reinforcement and concrete are directly proportional to their distance from the
neutral axis.
4. FRP composites are perfectly bonded to concrete.
5. The shear deformation within the adhesive layer is neglected because the adhesive layer
is very thin with only slight variations in its thickness.
6. Maximum allowable compressive strain in concrete is 0.003.
7. Tensile strength of concrete is neglected.
8. FRP composites are perfect linear elastic until failure.
With the above assumptions, flexural capacity of a section strengthened with CFRP composites
can be determined by Equation 7.8.
(7-8)
Where As and Af are cross-section area of steel and CFRP reinforcement, respectively; fs and ffe
are stress level from sectional analysis which could be determined using sectional stress and
strain distribution diagram; d and df represents location of steel and CFRP reinforcement; Ψf is
FRP strength reduction factor, which is 0.85 for flexure; β1 is ratio of depth of equivalent
rectangular stress block to depth of the neutral axis; c is depth of compression zone.
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7.5 Comparison and Discussion
Ultimate strength predicted using finite element modeling, proposed analytical model and ACI
sectional approach is summarized in Table 7.2
Specimen
PB1
(REF)
PB3
(P1L1A0)
PB5
(P1L1A6)
PB6
(P2L1A8)
PB8
(P2L2A8)
PB9 (S8)
PB10
(S8CJ)

Experimental
Finite Element
Analytical
ACI
Pcc (kN)
Pu (kN)
Pcc (kN)
Pu (kN)
Pcc (kN)
Pu (kN) Pcc=Pu (kN)
256.7
263.5
249.5
256.7
263.5
249.5
229.5
(CC)
(CC)
(CC)
268.8
284.3
263.2
N/A
N/A
N/A
N/A
(CFRPD)
(CFRPD)
(CFRPD)
376.6
376.0
388
350.5
339.3
342.8
335.4
(AS)
(AS)
(AS)
449
487.8
447.4
440.3
409.4
429.6
386.6
(AS)
(AS)
(AS)
391.7
419.1
387.9
368.5
370.5
355.4
342.5
(AS)
(AS)
(AS)
391.4
417.2
491.9
357.2
341.1
357.9
374.9
(FR)
(FR)
(FR)
534.3
544.3
758.5
511.2
483.9
495
540.6
(FR)
(FR)
(FR)
Table 7.2 Summary of Predicted Ultimate Capacity

Note: CC = Concrete crush; CFRPD = CFRP debond; AS = slipping between CFRP and anchor
system; FR = CFRP rupture.
Pu
Pcc
FE/EXP AM/EXP ACI/EXP FE/EXP AM/EXP
PB1 (REF)
1.03
0.97
0.89
1.03
0.97
PB3 (P1L1A0)
N/A
N/A
N/A
1.06
0.98
PB5 (P1L1A6)
0.97
0.98
0.96
0.99
1.03
PB6 (P2L1A8)
0.93
0.98
0.88
0.99
1.00
PB8 (P2L2A8)
1.01
0.96
0.93
1.07
0.99
PB9 (S8)
0.95
1.00
1.05
1.07
1.26
PB10 (S8CJ)
0.95
0.97
1.06
1.02
1.42
Table 7.3 Ratio between Prediction and Experimental Results
Note: FE = Finite element; EXP = experimental; AM = analytical model
Specimen

Ratio between analytical predictions and experimental results are presented in Table 7.3. With
regard to concrete failure load, which is commonly used for engineering analysis and design,
both finite element approach and proposed analytical model provide accurate predictions. Finite
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element and proposed analytical model give slightly conservative ultimate capacity compared to
experimental results for all tested reinforcing systems. However, ACI sectional approach
underestimates capacity of CFRP plate reinforced beam, but overestimates CFRP sheet
reinforced beams. Among the three approaches, proposed analytical model gives the most
accurate prediction of concrete failure load.
ACI sectional approach cannot predict the post-failure (CFRP rupture/slipping) load of the
reinforced cap beams, since concrete crush is considered as ultimate failure of the beam. Both
finite element approach and the proposed analytical approach can predict the CFRP slipping
failure mode. Finite element model slightly overestimates post-failure load, as perfect bond of
steel stiffens the beam. The proposed strut-and-tie model provides accurate prediction of CFRP
plate slipping load. However, this model cannot predict CFRP sheet rupture, since stress
concentration is not considered in this approach. Simply using ultimate CFRP strain as a
criterion will result in an overestimation of the post-failure load.

7.6 Summary
A strut-and-tie based analytical model is proposed in this chapter and verified against
experimental data. It was found that proposed analytical model is capable of predicting the
ultimate capacity of extended beams reinforced with various systems. Comparison between
proposed analytical model and ACI sectional approach, was made and it can be concluded that
the proposed strut-and-tie based analytical model provides the most accurate prediction of the
concrete failure load and CFRP slipping load. However, overestimation of the CFRP sheet
rupture is expected since stress concentration is not considered in this model.
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CHAPTER 8 DESIGN AND CONSTRUCITON RECOMMENDATIONS
8.1 Introduction
Based on the experimental test results and numerical analysis, practical design and construction
recommendations are presented in this chapter. A sectional design approach is developed aiming
to help engineers perform preliminary design of CFRP reinforcing system for a given amount of
extension length. The final design is recommended to be checked using the analytical model
presented in Chapter 7. In additional, a few construction recommendations including: splice of
steel bars, old-new concrete interface preparation and CFRP application are presented.

8.2 Design Limitations
Design limitations should be determined carefully in order to guard against collapse of structures
due to temperature change, vandalism and other causes. The philosophy is that the structure
should not fail due to loss of CFRP composites, maintain serviceability under service load and
avoid long term deterioration.
8.2.1 Service Temperature
Carbon fiber is not sensitive to high temperature, however, the epoxy resins used in CFRP
composite suffer deterioration at elevated temperature, especially when the temperature is close
to or higher than the glass-transition temperature (Tg). It is recommended the anticipated service
temperature should not exceed (Tg - 15°C) (Xian, 2007). During a fire event, the CFRP system is
assumed to be completely lost. Unless it can be demonstrated that CFRP could remain effective
with fire protection systems, such as coating and insulation systems (Bisby et al., 2005), until the
damaged FRP is repaired.
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8.2.2 Strength Limit of Extended Cap Beams without CFRP Composite
The extended cap beam without CFRP reinforcement should be capable of carrying a certain
level of load, as described by Eq. 8.1, which is a modification of AASHTO strength limit
“Extreme Event II” (AASHTO, 2012).
1.1

0.6

1.0

1.0

1.0

(8-1)

Where ϕRn is the factored resistance; DC is dead load; LL is vehicular live load; WA is water
load and stream pressure; FR is friction; A is forces exerted by extraordinary event.
A dead load factor of 1.1 is used, as the dead load can usually be accurately determined; a live
load factor of 0.6 is used to exceed the live load factor for extreme event specified by AASHTO,
which is 0.5; the other load factors remain the same as AASHTO specified.
This strength limit is to ensure that the extended beam would not collapse when CFRP
composites were accidently damaged. ACI 440 (2017) guidelines uses a live load factor of 0.75
for extreme events, in regions where heavy traffic is common, 0.75 should be used unless higher
value is specified by local regulations.
8.2.3 Overall Structural Strength
The extension of existing cap beam and potential widening of bridge results in additional load on
other structural members such as pier column, footing and soil. All structural members should be
capable of carrying the load of the modified bridge. Otherwise, appropriate strengthening is
required. In addition, the cap beam itself should ultimately fail in flexure rather than shear, under
over loaded conditions.
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8.2.4 Serviceability
In order to prevent excessive inelastic deformation, the tensile stress in ordinary steel
reinforcement and compressive stress in concrete under service load should not exceed the limits
as described in Eq. 8.2 (ACI 440, 2017).
,

,

0.80

(8-2a)

0. 60

(8-2b)

8.2.5 Creep Rupture and Fatigue
In general, Carbon fibers are less susceptible to creep rupture and fatigue failure than other types
of fiber such as glass and aramid. The stress to cause a creep rupture of CFRP after 500,000
hours and the stress to cause a fatigue failure of CFRP at 1 million cycles are approximately 0.9
and 0.6-0.7 of the ultimate strength, respectively (ACI 440, 2017). To prevent failure due to
creep rupture and fatigue, the sustained stress in CFRP composites should not exceed 55% of the
ultimate tensile strength.

8.3 Sectional Design Approach
The sectional design approach presented in this chapter is developed for flexural reinforcing of
extended pier cap beam using CFRP composites. Design limitations listed above should be
carefully considered before the design. Structural analysis should be performed to determine the
critical section and the target moment capacity (Mu) of the CFRP reinforced section.
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8.3.1 Assumptions
The proposed design approach is based on following assumptions:
1. Plain section assumption is not applicable due to change of cross-section along the beam.
2. Maximum useable compressive strain in concrete is 0.003.
3. Tensile strength of concrete is negligible.
4. Perfect bond between concrete and steel.
5. Perfect bond between concrete and CFRP composites.
6. Shear deformation in adhesive layer is neglected.
8.3.2 Design of CFRP Reinforcing System
8.3.2.1 Strength reduction factor
To ensure ductility of the CFRP reinforced cap beams, tensile steel should be ensured to yield at
ultimate state and a strength reduction factor (ϕ) should be adapted. For a tension controlled
section, which has steel strain equal or larger than 0.005 at ultimate state, a strength reduction
factor of 0.9 should be used. For sections having a steel strain smaller than 0.005, strength
reduction factor can be calculated according Eq. 8.3a and 8.3b, for CFRP plate and sheet
reinforcement, respectively. Local code/regulations should be followed for particular projects.
0.65

0.25

0.75

0.15

.

.

Where εt is the strain of tensile steel at ultimate state; and εy is yield strain of steel.
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(8-3a)

(8-3b)

8.3.2.2 Estimation of moment arms
A simplified section is shown in Fig. 8.1. Assuming the depth of compressive “a” equals to 0.25
“d”, the moment arm of steel reinforcement and CFRP reinforcement can be determined as:
0.875

(8-4)

0.125

(8-5)

Figure 8.1 Simplified CFRP Reinforced Section
8.3.2.2 Estimation of required amount of CFRP composites
The CFRP reinforced section should have a factored moment capacity equal or larger than the
capacity resulted from factored loads. Therefore, the required amount of CFRP composites can
be determined as:
/
/
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(8-6)

Where Af is required amount of CFRP; Mu is ultimate moment; ϕ is the strength reduction factor;
As is amount of steel reinforcement; fy is steel yield strength; d is effective depth; a is depth of
compressive zone; ψf is an additional reduction factor of the flexural contribution of CFRP,
which is 0.85 (SCI 440. 2017); ffe is effective stress in CFRP composites (Eq. 8.7); df is the
distance from center of CFRP to extreme compressive fiber of the section.
0.85

(8-7)

Where ffu is design ultimate tensile strength of CFRP composite and 0.85 is the environmental
reduction factor for exterior exposure conditions.

8.4 Construction Recommendations
8.4.1 Interface Strength
The strength of interface between extension and original cap beam should be ensured sufficient
to transfer the load. Following three steps must be taken:
1. Roughen the old concrete surface before casting the new concrete.
2. Main tensile steel bar of the existing beam and the extension should be appropriately
spliced with mechanical connection or wielding.
3. Dowel bars should be designed across the interface. The amount of dowel bar is
recommended at least 1.6% of the interface cross-section area and with adequate
development length.
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Figure 8.2 Interface between Existing Beam and Extension
8.4.2 Application of CFRP Composites
CFRP composites should be appropriately applied following manufacturer’s instruction. For
CFRP plate reinforced beams, anchor systems, such as FRP sheet anchor and metal anchor, must
be applied to avoid premature debonding of CFRP plates. For CFRP sheet reinforced beams, any
corner wrapped by CFRP sheets should be rounded at least with a radius of 25 mm, as shown in
Fig. 8.3. Diagonal CFRP shear reinforcement, as shown in Fig.8.4, may be needed if the
modified beam does not have adequate shear capacity.
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Figure 8.3 CFRP Sheet Flexural Reinforced Beam

Figure 8.4 CFRP Shear & Flexural Reinforced Beam
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8.5 Summary
In this chapter, a sectional approach for flexural design of extended pier cap beam using CFRP
composites was developed along with a few design limitations. This approach provides an
estimation of required mount of flexural CFRP for certain load cases. It is recommended that the
design should be checked using the analytical model presented in Chapter 7. In addition, a few
construction recommendation are presented. Three actions need to be taken to ensure the load
transfer mechanism at the interface between existing concrete and the extensions and appropriate
measures should be implemented to avoid premature debonding failure of CFRP composites.
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CHAPTER 9 SUMMARY AND CONCLUSION
9.1 Summary
Increase in traffic load entails widening of reinforced concrete bridges. Traditional bridge
widening is accomplished by addition of new bridge piers and footings, which has disadvantages
ranging from high cost to time consuming. It is imperative to improve efficiency of bridge
widening construction. Extending pier cap beam offers an economical solution as large amount
of pier construction work can be avoided. Carbon fiber reinforced polymer (CFRP) is effective in
flexural strengthening of RC beams, thus, it can be used to reinforce the pier extension to resist
additional bending moment.
Thirteen extended pier cap beams were reinforced with various CFRP flexural systems and
tested under monotonic load. These cap beams were designed to investigate efficiency of the
flexural reinforcing systems. Five large scaled RC columns were strengthened with vertical
attached CFRP plates and tested under lateral cyclic loading. These columns were designed to
investigate flexural behavior of vertical CFRP strengthened rectangular RC columns, since a
continuous load path should be ensured for additional bending moment from extended beam.
A 3-D finite element model was developed to predict structural behavior of proposed cap beam
extension and reinforcing system in terms of failure mode and load-displacement response. In
addition, a strut-and-tie based analytical model was proposed to predict ultimate strength of the
pier extension system. Comparison and discussion of FE model, proposed strut-and-tie model
and ACI sectional approach were presented.
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Based on the experimental and numerical study of the extended pier cap beams, practical design
consideration and construction recommendations are presented.

9.2 Conclusion
This study was divided into two major parts: experimental investigation of the proposed pier cap
beam extension system, and numerical/analytical analysis of the proposed system. The
experimental investigation was divided into two parts: extended and CFRP reinforced pier cap
beams, and flexural strengthened columns. The numerical/analytical analysis approaches consist
of two parts: finite element modeling, and strut-and-tie model based approach.
9.2.1 Experimental Investigation of Extended and CFRP Reinforced Cap Beams
1. For hammer head non-prismatic pier cap beams, extensions on verges and reinforcement with
CFRP systems is an effective solution for bridge widening. Although cracks may form at the
interface between old and new concrete, it has negligible effect on structural behaviors. Dowel
bars are recommended across the interface, as they would control cracks at the interface due to
unintended excessive shrinkage of the extension.
2. Flexural CFRP composites are effective in improving the ultimate flexural capacity of
extended pier cap beams. Failure mode of extended pier beams reinforced with CFRP plates and
CFRP sheet anchor system is concrete crushing after steel yielding, followed by slipping of
CFRP plates. For CFRP sheet reinforced beams, typical failure mode is concrete crushing after
steel yielding, followed by CFRP sheet rupture at corners.
3. Larger amount of flexural CFRP results in higher capacity and generates higher forces on
CFRP composites at a certain displacement, therefore, heavier CFRP reinforcement leads to
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lower ductility. This conclusion also applies to the beams reinforced with CFRP composites at
different locations, the closer the CFRP plates to the tension side, the higher capacity and lower
ductility the beam would exhibit.
4. Beams reinforced with flexural CFRP sheet system exhibited better ductility than those
reinforced with pre-saturated CFRP plates due to better bond behavior resulting from fully round
wrapping. It should be noted that corners should be well rounded in order to prevent stress
concentration, which may lead to premature failure of CFRP sheets.
5. Concrete jacket can improve stiffness and ultimate capacity of the extended cap beam
significantly; however, ductility can be lower.
6. Poor connection between original tensile steel and new steel cage could result in shear failure
at interface between old and new concrete.
9.2.2 Experimental Investigation of Flexural Strengthened RC Columns
1. Strengthening with vertical CFRP plates could delay the cracking stage of rectangular RC
columns.
2. The attachment of vertical CFRP plates significantly affect the failure mode of RC columns
under cyclic loading. The column without vertical CFRP plate failed by concrete crushing in
compression zone and local buckling of longitudinal bars at bottom of the column. While the
column strengthened with vertical CFRP plates failed due to separation of short concrete jacket
and stub. Vertical CFRP plates could enhance the integrity of column and short concrete jacket at
ultimate state under cyclic loading;
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3. Vertical CFRP plates are effective in improving the ultimate capacity of rectangular RC
columns under lateral cyclic loading. However, the amount of CFRP did not have an obvious
impact on the ultimate capacity enhancement as the tensile strength of CFRP composites were
not fully developed.
4. Vertical CFRP plates can improve the stiffness of columns under the cyclic loading. However,
the amount of CFRP has no obvious impact on the enhancement of column stiffness in this
study.
5. Vertical CFRP plates could enhance the energy dissipation capacity of columns at the end
stage. Before this, the vertical CFRP plates had no beneficial effect on enhancing the damping
behavior of columns.
9.2.3 Finite Element Modeling of Proposed System
1. Proposed finite element model is capable of predicting the structural behavior of extended
beams reinforced with various systems in terms of failure mode, stiffness, yielding point and
ultimate capacity, with good accuracy.
2. Compared to experimental results, the proposed finite element model provides higher
stiffness, higher ultimate capacity and slightly higher ductility. Stiffer behavior and higher
ultimate capacity is attributed to the assumption of fully bonded steel reinforcement.
3. It was observed, in finite element analysis, concrete crushing in compression zone occurred at
an earlier stage than that was observed in experimental tests, which indicates proposed finite
element model provides conservative flexural capacity prediction.
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9.2.4 Analytical Model of Proposed System
1. Proposed analytical model is capable of predicting the ultimate capacity (concrete
compressive failure) of extended beams reinforced with various systems.
2. Among finite element approach, proposed analytical model and ACI sectional approach, the
proposed strut-and-tie provides the most accurate prediction of the concrete compressive failure
load.
3. For beams reinforced with flexural CFRP plates and CFRP sheet anchor system, the proposed
analytical model can predict the CFRP slipping load with good accuracy.
4. For CFRP sheet reinforced beams, overestimation of the CFRP sheet rupture load is expected
since stress concentration is not considered in this model.

9.3 Recommendations Future Research
The experimental investigation and analytical models in this study provides a better
understanding of proposed extension and reinforcing system for RC bridge pier cap beams.
Based on the test results, a complete design recommendation cannot be developed as there are
large amount of variables. The proposed finite element and strut-and-tie based model can be a
powerful tool to perform a parametric study.

In order to develop a comprehensive design guideline for the proposed cap beam extension and
reinforcing system, further research should be in following areas:

1. Investigation of pier cap beams extended by different length.
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2. Investigation of extended pier cap beams reinforced with other systems, such as posttensioned steel and post-tensioned CFRP composites.
3. Investigation of foundation strengthening for extended piers.
4. Investigation of soil strengthening for extended piers.
5. Cost evaluation of proposed cap beam extension system with various reinforcing
techniques.
6. Investigation of flexural strengthened RC columns under both axial and lateral loads.
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